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ABSTRACT 


The Breton plots, located in West-Central Alberta, 
have been in production since 1930, and since 1938 a con- 
tinuous 5 year rotation, consisting of cereals and a forage 
mixture has been employed on part of the plots. Treatments 
applied to the soil include applications of: fertilizer at 
low rates, infrequent applications of lime, applications of 
Manure and some combinations of these. A number of check 
plots are included. 

Recent observations indicated that alfalfa grew 
poorly and comprised a small proportion of the mixed forage 
stand on plots receiving NS, NPS and NPKS, compared to plots 
receiving lime, lime + NPKS and superphosphate (0-45-00). 
These observations prompted a study of the chemistry of the 
soil, the composition of the forage and the chemical comp- 
osition of alfalfa plants in the mixed forage stand. 

Chemical analyses of the Luvisolic (Gray Wooded) 
soil of the Breton plots indicate that significant changes 
have been induced by the treatments. These analyses indicate 
that, compared to check plots, plots receiving NS, NPS and 
NPKS are more acidic, and those receiving lime, lime + NPKS 
and superphosphate are less acidic. Plots receiving manure 
and manure + NPS are similar in acidity to check plots. 

The difference in soil acidity between plots is 
responsible for the difference in forage composition in the 
mixed forage stand. Since 1967 the forage seeded has been 


a mixture of alfalfa and brome grass but the forage grown on 
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the more acidic plots had less than 30% alfalfa in 1971 and 
1972. However, on plots receiving lime, lime + NPKS or 
superphosphate the forage consisted of greater than 703% 
altavia. 

Major differences were found in the chemical comp- 
osition of alfalfa plants in the mixed forage stand. In 
the most acidic plots alfalfa had, in general, lower N and 
higher Mn and Al contents than plants grown on plots receiv- 
ing lime, lime + NPKS and superphosphate. Liming one half 
of each of the plots resulted in increased N and decreased 
Al and Mn contents of the plants, especially those grown on 
the most acidic plots. In a greenhouse experiment alfalfa 
grew vigorously on soils from the most acidic plots when an 
adequate supply of NPKS was added to the soil. 

The response in alfalfa growth to liming in the 
field, and to NPKS addition in the greenhouse indicates that 
lack of available nutrients, especially N, rather than Al or 
Mn toxicity to the plant is primarily responsible for poor 
alfalfa growth on the acidic plots. The NS, NPS and NPKS 
rates applied over a forty year period have been sufficient 
to increase soil acidity and hence inhibit symbiotic nitro- 
gen fixation but are insufficient to provide an adequate supply 


of nitrogen for alfalfa growth. 
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A. INTRODUCTION 


Part of the Breton Plots has been in continuous 
production since 1930. Since 1938 a five-year rotation 
consisting of wheat, oats, barley-nursing-hay, first-year 
hay and second-year hay has been employed on plots 1-11 
of series A, B, C, D and F. These eleven plots have, over 
the past forty-three years received various specific treat- 
ments. These treatments include: (a) applications of 
some commonly used artificial fertilizers; (b) application 
of manure; (c) application of lime as an amendment; and 
(d) some combinations of the above. Three check plots are 
also included. 

A brief history of the Breton plots is given by 
Toogood et al. (1962) and recent changes in fertilizer 
treatments and ammendments are given in Appendix C. 

During the past forty years the composition of the 
forage seeded has been changed several times. Between 1930 
and 1942 sweet clover and altaswede clover were seeded; 
between 1943 and 1955 a mixture of altaswede clover and 
alfalfa was seeded; between 1956 and 1966 the mixture seeded 
consisted of creeping red fescue, timothy, brome, clover and 
alfalfa and since 1967 alfalfa and brome have been seeded. 

In recent years it has been observed that there 
were striking differences of hay yield, and especially of 
alfalfa growth between treatments. Furthermore, recent 
observations have indicated that plots which previously had 


yielded the most hay were now among the poorest. 
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In 1971 a study was begun on these plots to invest- 


igate the following: 


(a) 


(b) 


to study the chemistry of the soil with 
respect to differences between plots which 
may have been caused by long-term fertilizer 
and lime treatment under the five year ro- 
tation; 

to study whether these chemical properties 
could explain the differences in growth of 


alfalfa, Medicago sativa, between plots. 
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B. LITERATURE REVIEW 
ia Lintrodiction 
The purpose of this: literature review is to consider 
earlier research on the influence of fertilizer and lime 
applications on soil acidity with particular emphasis to 


their long-term effects. 


The more important chemical parameters associated 
with the infertility of acid soils are discussed, with 
respect to their influence on the growth and chemical 


composition of alfalfa, Medicago sativa. 


2. Long-term effects of continuous fertilizer application 


(a) Introduction: 

Fertilizer application has been, perhaps, the single 
greatest contribution to improvement of yield and quality of 
agricultural products. The "green revolution" which, so 
dramatically, has been unfolding in the past ten years is 
providing hope that the imminence of mass starvation can be 
at least postponed for a short period. This possible delay 
hopefully can be used to seek solutions to the primary 
problem of population growth. This "green revolution" will 
require even more abundant use of artificial fertilizer to 
achieve maximum production made possible by advances in 
plant breeding. Both the increase in rate of application 
and the introduction of fertilizer to soils which had not 
previously been fertilized will require monitoring of 


secondary effects. Among these are effects to the soil 
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which can occur by applying fertilizers. 

There is no doubt that one consequence of applying 
many of the commonly available sources of nitrogen, sulphur, 
potassium and phosphorus to the soil is to acidify it. Such 
secondary effects are not necessarily detrimental to crop 
production, indeed in alkaline soils they may be decidedly 
beneficial. The degree of change in soil reaction depends 
on many variables, especially on the following: 

(a) the particular compound, 

(bo) the rate of application, 

(c) the length of period over which it is applied, 

(d) the nature of the soil, particularly its buffering 

capacity, | 

(e) the crop grown. 
ALDIOE “che Yabove *variables' ican tbhescontroll edi-by! proper “soil 
Management. The mechanisms by which fertilizer application 
or amendments alter soil reaction are complex. Some 
effects of fertilizers on soil acidity are discussed by 
Adams and Pearson (1967) and Hausenbuiller (1972). Pierre 
(1928, 1933) developed a concept of “physiological acidic 
and basic compounds" which is of limited use since it does 
not take into account the fact that compounds such as KCl, 
which are neutral in aqueous solution, have an acidic 
reaction in the soil. 


(b) Mechanisms of soil acidification due to fertilizer 
application: 


Acidification may be due to direct effects, chem- 


ical or biochemical reactions involving the added compound 
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Or indirect effects, the promotion of selective plant 
assimilation of soil bases or selective leaching. Pierre 
(1928, 1933) developed a concept of physiologically 
acidic and basic compounds and suggested that the potential 
acidity or basicity could be calculated by subtracting the 
total equivalents of Gal. Mods K* and Na* from SO, , cae 
HgPO gy and Nik Negative answers indicated the potential 
basicity and positive answers potential acidity of the 
compound. This concept is of limited use since it does not 
distinguish between the form of the nitrogen source, whether 
* or NO,” and does not take into account the acidity 


4 S 


which can develop when compounds such as KCl, which are 


NH 


neutral in aqueous solution, are added to the soil. The form 
of nitrogen added however is of fundamental importance. 
Compounds which contain NH,” or compounds which react in 
the soil system to produce NH, for example, urea and 
anhydrous ammonia, which in agueous solution are basic, are 
potentially more acidic than those containing NO, . Ammon- 
ium ions in the soil are subject, under favourable conditions, 
to nitrification. The overall reaction may. be represented 
as follows. 

NH,” + 205 creo ma NO,” ey 
However, the reaction is synergistic involving nitrobacter 
and nitrosamonas species in particular and the rate of the 
reaction is rapid under conditions suitable to these micro- 
organisms. In particular NH,” and NO, concentration, pH, 


oxygen supply and temperature are important factors which 


may control the reaction rate (Alexander 1967). Under 
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conditions favourable to nitrification the net result of 
adding NH,” to soil will be an increase in soil acidity due 
to the release of H™ as a product in the reaction. Further- 
more NO. , another product, is available to combine with 
soil bases such as Ca, Mg and K and together with them may 
be leached from the soil. Hausenbuiller (1972) presents 


' data which indicate the reaction of (NH,) 5 SO, NH NO, and 


Ca (NO) incubated in a soil for forty days. The pH of a 


2 
Slightly alkaline coarse textured soil was unaltered by 


Ca(NO.) but was lowered to approximately 6.2 and 5.4 by 


NH ,NO respectively. An equivalent amount of 


ae 4) 28% 
nitrogen, 100 ppm, was added in each case. The primary 


and (NH 


reason for the difference in reaction of these three com- 


pounds is undoubtedly the amount of nitrogen supplied as 


NH,” as compared to that supplied as NO. - Under field 


conditions however other considerations such as selective 
leaching or selective uptake of bases may be important. 
Many salts, which in aqueous solutions are neutral 
for example KCl, have an acidic reaction in the soil. The 
method of estimating potential acidity proposed by Pierre 
(192852 £939), -idoes inotsaccount fforethi snacidicoreaction. 


+++ 
Ontadditionzc£skKClatoysont Ke may replace adsorbed Fe ? 


Blmii and i from soil colloids resulting in a pH decrease. 


ae ee and Rec ions so displaced undergo hydrolysis and 
produce acidic species (Coleman and Thomas 1967). These 


authors indicate that few monomeric aluminum ions exist in 


| j iy 
soil above pH 5.5. On addition of CaCO, to soil Ca iealso 
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displaces adsorbed Al’ ’* and Hi, however in this case HCO, 


and CO, ions, relatively strong bases, supplied by this 


2} 
compound are available to titrate the acids which result from 
hydrolysis of displaced cations such as ail” or Bel. 


+ é 
from solution and an 


The result is a precipitation of lal 
increase in calcium saturation on soil colloids. With 
respect to additions of KCl however the Cl ion is an 
extremely weak base and as such no basic species have been 
added to titrate the acidic species displaced by a ions. 
Furthermore Cl ions are assimilated by plants to a much 
lesser degree than KT ions and are available to selectively 
leach bases from the soil. 

The mechanisms of soil acidification discussed so 
far have dealt primarily with the importance of the form 
of the nitrogen source added, specifically whether NH,” 
OL NO, , and the reactions of some salts which do not 
undergo microbiological transformations. The importance of 


the anion both with respect to potential leaching of soil 


bases, Cl “and NO, and with respect to its strength as an 


3 
ditions promotion of leaching of bases and promotion of 


acid,Co and Cl, has been discussed. Under field con- 
uptake of bases due to increased growth are important. 
Similarly other aspects need to be considered. In the case 
of nitrogen compounds these may be partially lost from the 
soil by denitrification and potential acidity may not devel- 
op. Therefore although the potential acidity of a compound 


may be theoretically estimated the actual acidity which 
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develops can only be determined empirically under field 


conditions. 


(c) Examples of soil acidification due to fertilizer 
application: 


Voelcker (1874), on analysis of drainage water from 
Broadbalk field over a four year period, found that ammonium 
salts applied to the soil greatly increased calcium and 
magnesium in the leachates. Crowther (1936) presents data 
of soil analysis of the Woburn plots which demonstrate a 
striking decrease in both pH and exchangeable calcium as a 
result of ammonium sulphate application. Plots which had 
received ammonium sulphate had, in a period of twenty years, 
become so unproductive that they were subdivided and limed. 
The data presented by Crowther (1936) indicate that contin- 
uous cereal production, over a fifty year period, decreased 
both soil pH and exchangeable Ca in check plots. However 
where ammonium sulphate had been added the decrease in both 
these parameters was much greater than in the check plots. 
Plots receiving sodium nitrate or manure had less decrease 
in pH or exchangeable calcium than the check plots, and 
superphosphate had no effect on soil acidification in the 
fifty-year period: -Collings” (1955), indicates that super- 
phosphate has a basic soil reaction. Drastic decreases in 
pH and consequential yield decline in crop production are 
also indicated by other authors, particularly those assoc- 
iated with long-term experimental trials (Allison and 
Cook 1917; Scarsbrook and Cope 1957; Abruna et al. 1958 


and Adams et al. 1967). Adams et al. (1967) have shown 


ty. a 
iastbtorex oF i ga bins i 


fox? 1eteM epanker: 7 alaiausre tig 3 tetany. - \ 

mui AROMAS er Bristol sbeiney, aby xu a Gnawa " A 

| Brie 2 mmrtalas aoessugni ae LAST p Sioa 2g oe ae aay 

stab atnaeaxg fMOKE) gartsuatis “sgptedogol. noe ad sila 

6 efevtznomeh doin adoty. nexutiont ‘att 26 ae} ’ oe ae | 

5 ee idisies shdsaensd xe ots. Ag ftod 3 sasttnet ath aa i i 

bed ddidefw sao inotteai tees asterit, 6% arti ied ee | i 

(axsey yaad | io barzsq 4 a , DATE, dsartgbie: oma, = 
bamrt bite: babiwihedse aaPY. eid» Jes, Ovigs 

~tbindd terlt assOLbrs (Qe) sexisext Pd 


beaBoroph vbotieq tisk euia S tap). ito 


revEwoH atony Abad at #9 Staph ine Xa sie i 
Ktod ai. spe 4908 ait baie wpe Bed ottegtas majsonae o 
saitoiq ‘deer ans mu rads setaere foun ps sroaomn tag: ih, 7 
eessaeb aeer Ba, eur | 70 bat hashing. pavisiges my } 
bee veins sot aad dads, stored: Cldsapnastan 39 Bg. ab 
: gilt nt: eenteelaibiok iibe fro spat Ge Baset: <3 adqnonguaguar- |, 
Com eee eds Rassoitni eagh. epniive bolus rsgen@nly 
<a ehesexoeb pigs. " «obdoe—x Lice Stepe & na) ‘stadanorg 
“a oe _ sbtchtgrs oxo ma -ombtoeb: ‘bioky islaneuposmos brie de 
y eels xia ieptrak: js exonigea, teds "d: bedap shar ghia ee 
i i ale 4 13g x “ueres=paod didiw betel» is 
as se gh soe, cet oa pu “Boosdexane vier aioe, oe 
o aad es: He ai Fae. , 8 a emsiih bn RE 


id 


- . we ; si 
‘J o 


that at high rates of applied nitrogen decreases in pH are 
detectable deep in the soil profile after a relatively 
short period. Similar eticcts aréyindicated by Abruna et al. 
Veo oe)nanceMeacleod ec lal. (1964). “Abruna et al. (1958) 
demonstrate that the rate of applied N is important on some 
soils. | These authors found that the measured acidity 
calculated per pound of N added increased with application 
rate on two soils but remained constant on a more heavily 
textured soil. Adams and Pearson (1967) indicate that 
potential acidity need not ere develop and cite an ex- 
ample where 420 lb/ac N from NH ,NO, acidified a soil more 
than 840 lb/ac N supplied as urea. Reasons given for this 
include more volatilization loss in the case of urea and 
also possible leaching and plant assimilation of this com- 
pound in molecular form. MacLeod et al. (1964) indicate 
that lime applied with the nitrogen fertilizer prevented 
development of soil acidity and Hamilton et al. (1966) 
indicate that a combination of lime and nitrogen increased 
the pH of a Gray Wooded soil more than an equivalent appli- 
eation of lime’ alone. 


(d). \Present trends in’ the use of-fertilizers+with 
potentially acidic and basic reaction in soil: 


Pierre (1928, 1933) studied the potential 
acidification of many fertilizers. He suggested methods of 
estimating this potential and proposed means of preventing 
it. The potential acidity or basicity of various natural 
fertilizer materials is given by Taylor (1953) and Chucka 


(1953) and the potential acidity and basicity of some 
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artificial fertilizer compounds is given by. Crittenden (1953). 

The preventive solution proposed by Pierre (1928, 
1933) was to apply with the fertilizer sufficient bases, 
usually as calcium carbonate or basic slag. Pesek et al. 
COL} indicate that this practice was adhered to in the 
early twentieth century, but as demand for high-analysis 
compound fertilizers increased it became uneconomic to 
manufacture such products. This change in supply put the 
Onus On, Ehe User to apply lame as a separate’ ‘amendment. 
Pearson (1958) however, indicates that by 1958 the use of 
lime in the United States had declined while the use of 
fertilizers continued to rise exponentially. He attributes 
this decline in the use of lime to decrease in government 
Subsidy. ““Harre- et als. (1971) spresent, the following data 
which indicate the present preference for high-analysis 
nitrogen sources. 


Table 1? Product share of-the world N production (%). 


Year (NH, ) .SO NH ,NO Other solid* Solid Other? 
Ah OA Le ees 
N sources Urea 
1954 ie) 25 be? -- PIS) 
1968 16 26 3 16 39 


kteinelaudes calcium nitrate, calcium cyanamid and sod- 
ium nitrate (potentially basic sources of nitrogen) 


r includes anhydrous ammonia; aqua ammonia; nitrogen 
solutions containing ammonia, urea and ammonium 
nitrate; ammonium phosphate and other complex 
fertilizers; and other nitrogen sources. 
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It should be noted that world fertilizer use more than 
doubled in this period. In absolute terms therefore the net 
total use of potentially basic nitrogen sources has declined. 
Other sources have either imeratesa or remained constant. 
Several of these have a high potential for soil acidifi- 
cation, for example ammonium sulphate and nitrate. Others 
such as urea and ammoniacal solutions and gas may have an 
initial basic reaction but on reaction in the soil their 
net réeaction-istacidic“inm the. long ‘term: 

The consequence of this trend in the increased use 
of potentially acidic sources of nitrogen is that soil 
acidification will increase, if preventative measures are 


not taken, resulting in a decline in agricultural production. 


oS Puen Wee eet We Ryegh oan Eg SpucleLircy 


(a) "Introduct ron: 

Infertility associated with acid soils is generally 
regarded as being due to the chemical status of these soils 
and their microbial composition and activity. Problems 
important in other aspects of soil infertility, such as 
structure, are not generally regarded as making a significant 
contribution to acid soil infertility. 

Changes in soil pH are known to affect the compos- 
ition of the microbial populations associated with trans- 
formations of nitrogen phosphorus and sulphur (Alexander 
1967). Similarly, changes in pH can affect the composition 
of the adsorbed cations on clay and organic colloids and 


hence the ionic composition of soil solution. The fact 
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that many major variables change concomitantly makes it 
impossible to determine, with absolute certainty, the precise 
factor which is inhibiting growth. Furthermore the differ- 
ence in tolerance, between plant species and even varieties 
and cultivars, to soil. acidity makes it difficult to assign 
tolerance levels. Nevertheless most important agricultural 
crops grow best in soils where pH approaches neutrality and 
most suffer significant yield decline at pH values lower 
than 5. This is true of most legumes as these are generally 
intolerant of low pH. 

Alfalfa, Medicago sativa, in particular is sensitive 
to pH, and its symbiotic bacteria Rhizobia meliloti is even 
more sensitive, (Robson 1969). Alfalfa also has a relatively 
high requirement for many nutrients, in particular potassium, 
calcium and magnesium (Bear and Wallace 1950; Jones 1967); 
these nutrients tend to decrease in supply as soil acidity 


increases. 


(b) Some major .factors in acid soil infertility: 
1. Aluminum and manganese toxicity. 

Aluminum and manganese toxicity are now gener- 
ally regarded as being among the major causes of acid soil 
infertility, particularly in very acid soils. Magistad 
(1925) and Pierre and Stuart (1933) were among the first to 
evaluate the significance of aluminum; Funchness (1918) had 
previously indicated that manganese concentrations as low 
as 10 ppm were Eoeusal: to legumes grown in nutrient solutions. 
Ouellette and Dessureaux (1958) have demonstrated the effects 


of both aluminum and manganese on alfalfa composition and 


: : ae } 
33, epg: steiedieneeas sunita ential =m. 
1e8 bs ay 7. 


[anck Nes : an 


en toasq site ,yralstaao sho honis stir: ‘i = 
eS FER OU wi gcairaesect F Shah esa stg #} Neale 
fave feie 285999 % Soe fa festa acetate 7 


& =F & 


eaht slay 


gyleer ‘os feck § eae pe Sabie gat bEOE dios pa: ee 


~ 


: a . ay. 
ta “<7 a ( cra 1% a, a Tes $00 7 ‘ of awe eae [ boots 3 = v rSVi » ban fis sual ’ = 
aie a i ’ = NS Pan | - 


wes “2 Linx oie mattresses ST: ot agty alt oy th seed oR 


sevuci ceaeminy ig 28, 6o1l59682 tai y / sepokieneie re ar 
t 


vifesenep sik seeds ah 2eritine tl Jeon to sunt at ante e 
. AG wes ni 30 apie it 


o 
‘ Lae 
ay 


- Ls 7 on - 4 
Ovi tines et weigoidseg.ob |) svijas obs an, et r Ty 


m 
ue 


neve at bord keta @ sins is 5 I rss sed ai goa aad bok ¥ as 
rSovitetesn.s asl hadi sa bad ene ponduay ovestedye 


MihepeiGg Ts LEGA RG ith agiaat cabin eh so" ‘Wrimestionec! 


4 = ay 


(NORE otto (MSE godt Len ips, Apaey my secereay bo oe 


2 


ay 


1 iy 


is a 
yt2Bios. fog £6 vbagee ii oat gen, *) we aetna 93 


ja ~ 


wyoe rtseohet: shoe bios, fei eaegne ss ee, carte ce: Per 
. apreptared dhedvesien Bes cca ta"; a4 : aK aa 
2 oe 


pene yon: cme. Nusa joosdiehen, brea, opin iu <5 is vi , 
"Sane pice bio) Agouks soba | ae Haare, citi ‘ae bobrapet gee | 

fate t pate aliog, ah \aev ek. iiasividang iehigaetmt | 

os 4oat2 ova eid axew (eeeesy Sebae! Sens. oxide iis: cea,” ra a 
ae (ate Be onan eu te idlisonsstidagte, eny eto is v 


plas gitnd fais dO3H09 stpnmpica gee Bareeion a 


ae 


as) 


| a 
spameb edie: a2 ‘aes apmogel: oy! “fo aaasit omew md: sad git bi 


"featiisenti eves Se xobsxvaaen Bins: ae id, ie 
a : EF Uy tl om 


sngtiae a ape ited ee ate 


“ ' b afl 7) = _ oa it ie 


growth. Using sand cultures as a medium, these authors 
showed that high levels of calcium could depress manganese 
toxicity. Robson and Loneragan (1970) showed that toxicity 
of manganese in Medicago species which developed in complete 
nutrient solutions containing low manganese concentrations 
(o.3 uM), - low calcium concentration (250 uM), and-neutral 

PH could be avoided by either increasing the calcium con- 
eentration to 2,500 uM or decreasing the pH to 5.4. The 
effect of increasing calcium concentration was to decrease 
Manganese sorbtion,while that of decreasing pH was to 
decrease sorbtion and transport of manganese from the root 
to shoots. In contrast two cultivars of Trifolium subterran- 
eum developed no manganese toxicity symptoms. 

Aluminum has been shown to impair phosphorus trans- 
location from root to shoot by Pierre’ and Stuart (1933) and 
Foy and Brown (1963, 1964). Ouellette and Dessureaux (1958) 
however, found phosphorus content of alfalfa tops to be un- 
affected by aluminum levels which seriously restricted 
growth. Hoyt and Nyborg (197la, 1971b) investigated soluble 
and exchangeable aluminum and manganese in forty soils in 
the Peace River area of Alberta and British Columbia. They 
found that yields of barley, turnip-rape and alfalfa were 
closely correlated with soil aluminum and manganese. Alfalfa 
and rape yield response were closely correlated with soil pH 
and percent base saturation, and aluminum and manganese 


levels in plants were closely correlated with aluminum and 


manganese in the soil. 
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a. welViGnogen ion skoxicd ty. 

Measurement of pH is the simplest and most 
frequently used method to characterize an acid soil. Tox- 
icity of hydrogen ions, however, is not regarded as being 
a major problem in acid soils. Coleman and Thomas (1967) 
emphasize that at pH values normally found in soil, exchange- 
able hydrogen is not found in large amounts. They attribute 
the hydrogen ion in solution to be due mainly to the hydrol- 
ysis of aluminum. 

Lund (1970) investigated soybean tap root elongation 
in solutions of varying pH and calcium concentration. When 
pH was maintained at 5.6 no difference in root elongation 
range was found at different calcium concentrations. However, 
at pH 4.5 nydrogen ton toxicity caused root growth stunting 
even at calcium concentrations of 2.5 ppm. Both lateral and 
primary root elongation were affected. Sutton and Hallsworth 
(1958),using frequently replenished nutrient solutions, also 
found calcium to be ineffective in overcoming hydrogen ion 
toxicity to alfalfa. However, where Meee east sand-solution 
cultures were used as a growth medium it was found that cal- 


cium could readily overcome toxic hydrogen ion effects. 


3 VUGalrcoiim deficiency. 
Although calcium is the predominant cation in 
soil solution in‘most acid soils (Fried and Shapiro 1961; 
Adams and Lund 1966) lack of sufficient calcium in plant 
tissue has been reported (Wallace and Hewitt 1948; Melsted 


1953; Foy 1964; Adams. and Lund 1966; Evans and Kamprath 1970). 
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In general, however, calcium deficiency has been 
dismissed as a major cause of acid soil infertility. Even 
where calcium deficiency is evident the lack of uptake in 
plants is attributed to other causes especially calcium- 
aluminum interactions rather than to low levels of calcium 
in the soil, (Foy et al. 1969; Long and Foy 1970). Loneragan 
and Dowling (1958) have demonstrated an interaction between 
calcium and hydrogen ion concentration on nodule formation 
in Trifolium subteranneum. At low pH (4.0) no nodulation 
occurred no matter how high the calcium concentration. At 
low calcium concentration (0.01 mM) no nodules formed at 
any pH used. Above these limits nodulation could be promoted 


by increasing either pH or calcium concentrations. 


4. Magnesium deficiency. 

Magnesium, like calcium, is decreased by acidi- 
fication processes and like calcium is not generally re- 
garded as a major determinant of acid soil infertility. 
Magnesium deficiency has, however, been reported by some 
authors (Adams and Pearson 1967; Weeks and Lathwell 1967; 
Woodruff 1967). Adams and Pearson (1967) suggest that in 
many acid soils there may be a slow release of magnesium 
from vermiculite and montmorillonite since these clay min- 


erals are more unstable in acidic conditions. 


5. Deficiency of other elements. 
Molybdenum, as Davies (1956) points out,is more 
available at high pH than at low pH. Molybdenum deficiency 


has been shown to be a problem in legume nodulation by 


. 
7 


cead ent . yousiniieh sutcieh sevawely 


neva yell hvae tent ‘bios Bape | ae; See, 
nt oitustes 2O Hash ed: arate) ed): 
«ine bobs (iistueges, a2se985 ‘soho, a 1 
mybolea Son efavel wol eel toa aitain “en cand 
nepexodad . (OTeL you bas prod eae): Lee ne 
_feeused, 195i 76n neent’ ris, ‘pede anor! ‘ouad, ((apRea 
noistentrca slubdn so 00! Neca HOS: mi siepotnee ba aif ios at 
eobasipeon or (0.8) HG wot +A sfuroauttondee a , | 

{i . Mok SE IREINOS mitotao aig lpia work ‘waka aed 

te ‘patetod pekibon On (Me Ou 9) TOT ARADO, pikosaiem 
betomersy: ot iPro nolisiubon eskmet et6ahe erode mente a ya 


bitesane OOD ite as *0: aig, Aaaidte ‘tens 


A cae ey. son aatan a ret.gs 
“sitios ac Beass109b bP Pata ot on ppeesre et 

-st MiaeeR Hort ‘at airfoten onbk bre 3 23 ass 5 ; 

ops sr<ott bina tne 16 srentitas eb. pene § * 

"sao a Badxogax, 9K, tai ‘yoiacegtab 

heel. ihewitted Bris ectisth's Tabs | moana’ “Sets seit) 

| es state deigehio, “tee Aomiaes bing ‘wing - (88 ick 
: el sell to eksatss WOES s cs yom ated elioe Bios ou 
tla: wete eeads sorte ‘gp Enos ixomtwom Dire shee nowt : 

“saepaEbncs Sibtse., 33 wildsctecar exon de fsx | 


we ay coma’ ionl+ to. prietation 


a v,” 


Mal + 


16 


Anderson (1956) and Reisenauer (1956). Both these authors 
showed that when an external nitrogen source was added the 
requirement of the legume for molybdenum was less than that 
of the Rhizobia. Anderson (1956) showed that other defic- 
iencies such as sulphur, phosphorus and boron had to be 
overcome before molybdenum response was noted. 

Many micronutrient cations are more available to 
plants as soil pH decreases. These include zinc, manganese, 
iron and copper which in acid soils are more likely to cause 
toxicity rather than deficiency problems. The availability 
of these micronutrient cations are closely related to 
organic matter transformation in soil (Alexander 1967). 
This author also indicates that microorganisms may alter 
the solubility and oxidation states of these cations and 


may Similarly affect the micronutrient anion molybdate. 


6. Nitrogen transformations. 

Nitrogen is probably required by plants in 
greater quantities than any other nutrient. The bulk of 
the nitrogen in soils is, however, in organic combination, 
both living and dead, and as such is unavailable to plants. 
Nitrogen is assimilated by plants, almost entirely, as 
nitrate and ammonium ions. Factors which affect mineral- 
ization, the release of ammonium from organic matter, or 
nitrification, the conversion of ammonium to nitrate, are 
therefore of fundamental importance to soil fertility. The 
diverse microflora responsible for mineralization in general 


tend to favour neutral or near neutral soil pH (Alexander 
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1967). Because of the diversity of microorganisms involved, 
however, mineralization does not cease entirely, below a 
given pH. 

Nitrification is largely controlled by Nitrosamonas 
and Nitrobacter and the process is slow under acid conditions. 
Alexander (1967) emphasizes that while there is no exact 
limiting pH, the rate of nitrification typically declines 
rapidly below pH 6.0. Morril and Dawson (1967) observed that 
the degree of acidity of a soil was the best single indicator 
Ofsnitrification.ability.»s Other, factors, such, as.oxygen 
supply, substrate and product levels and temperature could 
be of critical importance. These authors found maximum 
nitrification rates occurred, for a wide variety of soils, 
in -the.pH, range-of.5.0.to. 6.4 and) that rate,of, nitrification 
was closely correlated with both soil pH and calcium. 

Gerretsen and DeHoop (1957) demonstrated that 
nitrogen losses during microbial oxidation of ammonium to 
nitrate were greatest under acid conditions. Losses of both 
NO and No were as high as 74% of applied ammonium in an acid 
sandy soil. Paden and Garman (1946) have shown that in 
general nitrogen is more efficiently used in soil with pH range 


5.0 to 7.4 than in those with more acidic or basic pH. 


7{VaSyMmbiStis® Eixationvok nitrogen. 
Pome cus iy (1960), Vincent (1964) and Robson 
(1969) have reviewed nitrogen fixation and factors which 
affect it. Robson (1969) considered the distribution of 


Rhizobia and the host plant separately. Nutman (1965) has 
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indicated that nodule bacteria are facultative symbioants 
which are able to exist as normal components of the soil 
microflora in the temporary absence of their hosts, and 
Loneragan and Dowling (1958) have shown that soil conditions 
favourable for growth of a nodulated plant may not be 
favourable for Rhizobia growth. Robson (1969) found growth 
of Medicago species occurred infrequently on moderately 
acid sandy soils low in phosphorus. He attributed the low 
frequency of Medicago species to the low tolerance of 


Rhizobia meliloti compared to other Rhizobia and secondly 


to greater intolerance of Medicago species than other legumes 


to toxicities associated with acid soils. 

Munns (1965a, 1965b, 1965c) has studied the effect 
of several chemical parameters on legume nodulation and 
growth. He suggests that in moderately acid Sear beth 
limitation may be due to restriction of Rhizobia and hence 
nodulation, but in strongly acid soils nodulation and alum- 
inum toxicity were both involved. 

Molybdenum deficiency also has been shown to be a 
problem in nodulation (Anderson 1956; Reisenauer 1956). 

' However, the former author suggests other deficiencies such 
as sulphur, phosphorus and boron may have to be overcome 


before molybdenum response is noted. 


4, Effects of Liming 
(a) Introduction: 


The effect of applying lime as a soil ammendment 


or as a means of preventing soil acidity has been known 
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for more than two thousand years. Recorded data of the 
benefits associated with this ammendment date back to the 
previous century (Crowther 1936), but even after one hundred 
years of extensive research there is still considerable 
uncertainty as to the specific reactions involved (Coleman 
and Thomas 1967). Nevertheless the application of lime, 
both* calcitic and-dolomitic, is’ by far the most common 

and economic method of raising soil pH and avoiding the 
general malaise known as acid soil infertility. 

Application of lime will increase the relative 
proportion of calcium and/or magnesium occupying the 
exchange complex by displacement of other cations. Dissoc- 
hated carbonate ions; béing a relatively strong base’, can 
titrate acids in the soil solution. Furthermore, carbonate 
and bicarbonate anions may form insoluble compounds with 
some cations resulting in precipitation, other more soluble 
compounds may be leached downward in the soil profile. The 
reactions involved are complex and not well understood; for 
example, our knowledge of the solubility of compounds in 
pure solution has probably little relation to their sol- 
ubility in the soil system. Furthermore it is doubtful 
that an equilibrium is ever reached; lime is generally 
applied at rates of several tons per acre in an attempt to 
maintain soil neutrality for many years. Similarly, it is 
well known that the fineness of the applied lime has a 


“marked influence on reaction rate. 


_ ihe 40 rer bobyoows. etna Bt “ te 

asi on. oad eteb Anaghncmpe ings 
betel ano, aaf3s, Cave say! ' meet. 
‘etilanehimand revert ed sl 


out So , ecpiaaditeas Sis comes tove 

fommon team ofig jad yd ef een af 

ode entbtove bre fia: Dias ona heh, | 

MPtLitee pad Phos bros Be fi : 

‘evivelou eit gehen: rit trie ‘oys ao “e 

exch Baiyquedo inet on pei toNpke + ould 

“20880 eneriso xSde0 40 Sotto st 

ao 4 suse Qiorse ‘nih tera 3 etlpa snk oe Pte sigs 

atanodten. _satoartedase awbstlog eu y 

hate abardgined, stelitoons Higa - 

eldbloe exam ress vpdiaea hg tpexd) ng es 

o@h giitkions vibe lads’ i Sadun shrek 0a ah 

a eee sw son irs sakes: ou8 bavidwil: tas 
ii eawogNon 6 vpiletiatide ks 20) ‘Setiolsped Avo: votes 

. - on visas. os. oka ter, pigant. sghdadoag, aad notentse ng 

ae ai th sxonsed gies -mcteng Liew. eid oe. yt r : 

ei emis: sBeidones 198 ek” ol fo am 8 | 

—- “same ai a nb S208 tag anot Mewavea, ‘to. apee = rv beitage 

akwk pelnetsein Busey aprile TO?) pirilesdusn Dios he tad eee he 


‘i a ‘ie 
a a esa ith habeas a att 26 znonienit end terix moe Sanit ae 


20 


(b). Yield response: 

Excellent reviews of the yield response promoted 
by liming acid soils are given by Adams and Pearson (1967), 
Jackson et al. (1967), Weeks and Lathwell (1967) and Woodruff 
CLSGT). Wats PES et al. (1966) found that modest applications 
of calcitic limestone still increased yields after seven 
years on a Gray Wooded soil. MacLeod et al.'(1964) "indicate 
Significant increases in forage production, and increase in 
legumes as a percent of total forage production, on liming 
an acid soil. Scarsbrook and Cope (1957) and Paden and 
Garman (1946) indicate the benefit of applying both nitrogen 
and lime and the consequences of nitrogen application alone. 
Although conversion of ammonium to nitrate is more rapid 
under neutral than acid conditions and hence is more suscept- 
ible in the latter form to leaching loss, Paden and Garman 
(1946) show that applied nitrogen is more efficiently used 
as the pH of the soil is increased to neutrality. Pearson 
(1958) suggests that the more efficient use of applied nit- 
rogen under neutral conditions is due to more rapid plant 
growth and hence greater uptake of the applied nitrogen. 
Gerretsen and DeHoop (1957), indicate that losses during 
nitrification are much greater ‘under aanate conditions. 

Hamilton et al. (1966) suggest that lime application 
on a Gray Wooded soil may have increased the availability 
of soil phosphorus and Truog (1953) demonstrated that both 
native and applied phosphorus were more readily available 
to plants when applied with lime. However, several authors 


(Lawton and Davis 1956; Neller 1953) have indicated that 
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lime application can reduce phosphorus availability. 
Pearson (1958) suggests that such reduction in phosphorus 
availability on limed soils is due to decreased solubility 
and points out that in the long term the phosphorus com- 
pounds would become available. 

Liming has been shown to reduce potassium leaching 
“from the plough layer of strongly acid soils (Black 1968). 
However, liming has also been shown to decrease levels of 
exchangeable potassium (Adams and Pearson 1967; MacLeod et 
al. 1964) and has been reported to reduce potassium uptake 
in broccoli and strawberries (Jackson et al. 1967). 
Thomas and Hipp (1968) suggest that liming an acid soil 


to pH 6.0 may increase potassium uptake but liming a soil 


which already has a pH of 6.0 to 7.5 will generally decrease 


potassium uptake. 

Response of alfalfa to applied potassium has been 
indicated by several workers (Gerwig and Ahlgren 1958; 
Twamley 1960;°Wang et.al. 1953). 

Toogood et al. (1962) indicate that the major 
response of alfalfa on the Breton plots has been due to 
nitrogen, sulphur and phosphorus with little evidence of 
response to potassium. These authors indicate that liming 
alone was of little benefit. Similarly, Cairns and Carson 
(1961) have also found that on some Alberta soils alfalfa 


production was greatly enhanced by sulphur application. 


5. Recent problems in alfalfa growth in Alberta 


In recent years workers in Alberta (Khan 1963; 
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Webster and DeKock (1970) have indicated problems associated 
with alfalfa growth which are not readily explicable in 
terms of nutrient availability. Alfalfa was found to grow 
poorly on some soils where it had been previously grown. 
Webster at al.—(1967) indicated that small areas of vigorous 
alfalfa growth were often found throughout a field where the 
growth in general was poor. In greenhouse experiments con- 
ducted with soils from such fields various treatments were 
found EG uincrease alfalfa growth to a limited yextent...,.These 
treatments included lime application and nutrient solutions. 
It was found that nodulation was not increased by these 
treatments. Sterilization of the soil increased yields 
substantially on a number of soils and in some cases improved 
nodulation. In later work (Webster and DeKock 1970), soils 
and plants grown on them were analyzed for essential nutrients 
and possible toxicants and it was found that nitrogen was 
higher in plants grown on soils not previously cropped to 
alfalfa than on soils where alfalfa had originally grown 
well but later grew poorly. These authors concluded that 
the inability of plants grown on these "problem" soils to 
use nitrogen may be due to a biological toxicant or, in some 


cases, to aluminum toxicity. 


6. Summary of the literature review 


Fertilizers, in particular common nitrogen, sulphur, 


potassium and phosphorus compounds, applied to soil result 


in acidification. Direct reaction effects of these com- 


pounds, selective removal of bases by plants and loss of 
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bases due to increased mobility by leaching, are all 
involved, and will result in infertility associated with 

acid soils. In the absence of ameliorative or preventitive 
steps many soils, particularly those which are naturally 
acidic or weakly buffered, may become sufficiently infertile to 
sustain adequate crop growth. Alfalfa, because of its 
ability to fix nitrogen, its high yield and protein content, 
is an important forage crop in Alberta. However, alfalfa 
production is poor on acid soils. as both the host plant 
Medicago sativa and especially its symbiotic bacteria 
Rhizobia meliloti are sensitive to soil acidity. The 

latter is very sensitive to Al and Mn toxicity, compared to 
the host plant and to many other legumes and their symbiotic 
bacteria. Consequently soil acidification should be avoided, 
by use of lime, by farmers producing alfalfa on weakly 


buffered soils. 
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MATERIALS AND METHODS 

PY AIntroduction 

A diagram of the Breton Plots and a list of the 
treatments currently used on plots 1-11 are given in Appendix 
CUSeThe site zs °divided -into’~six°series?: “A, B,"C>’*D, E and 
F, which are adjacent strips of land running north to south. 
Each of these series is divided into twenty-six plots, 
numbered 1-26, all of which receive a specific treatment. 
The sequence of treatments is the same in each series such 
that Plot 3, for example, is an NPKS treatment on series A 
enrough FYersimibfariy;-plots 1, 5 and 11 are check plots on 
all series. 

Plots, 1-11 of -sertes A,B,C, D and F, the series 
which comprise the continuous five-year rotation of wheat, 
oats, "barley-nursing-hay", first-year hay and second-year 


hay, were sampled for this study. 


2. Soils for laboratory analysis 
(a) Sampling: 
hy gepreton Serves De (Picts I-14) '= 
Core samples, using a mechanical coring device, 
were taken from these plots in June, 1971. Four pienetenined 
locations within each plot were sampled to the C horizon. At 
each location the cores were separated into horizons and 
stored separately in sealed plastic bags. 
2) “Braton Geries Ay ,.Bs Cyvand FytPiots J-11) = 
Core samples were taken from the west half of 


these plots in June, 1972. This half alone was sampled 
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because the east half of these plots had been limed in the 
spxingwot 1972s 

Ten predetermined locations were sampled in each 
plot. The entire Ap horizon was removed in each case and 
thésewten Sune lee were then bulked together in sealed plastic 
bags. 

(b) Preliminary operations: 

All soil samples were spread in a drying chamber, 
dried at 35°C for 48 hours and passed through a 5mm sieve. 
Residual material including stones and undecomposed plant 


material were discarded. 


3. Soils for greenhouse experiment 

Bulk samples of approximately 70 kg were taken from 
the Ap horizons of series D plots 3, 5 and 7 in October, 
1971 and from series C, plot 3 in September, 1972. The 
samples were spread to air dry and passed through a 0.6 cm 
screen to remove stones. After thorough mixing 2 kg samples 


were taken, passed through a 5mm sieve and stored for lab- 


oratory analyses. 


@,vsplants for Laboratory analysis 
(a) Sampling: 
Lj (Breton Series D (Plots 1-11), alfalfa. sanples = 
eee ice of alfalfa, Medicago sativa, were taken 
from these plots in August, 1971, when this series was in 


"first-year hay" of the five-year rotation. Sampling was 
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conducted just prior to bloom; only the top 15 cm of each 
plant was taken. 
2) Breton, Series F (Plots 1-11), alfalfa samples - 
Alfalfa samples were taken from these plots in 
1972 when this series was in "first-year hay" of the five- 
year rotation. Samples were taken from the west half alone 
as the east half of these plots had been limed in the spring 
of 1972. Sampling was conducted just prior to bloom; only 
the top 15 cm of each plant was taken. 
3) Breton, Series A (Plots 1-11), alfalfa samples - 
Alfalfa samples were taken from these plots in 
September, 1972, when this series was in "barley-nursing-hay" 
of the five-year rotation. Separate samples were taken from 
the east (limed) and west (unlimed) half of each plot. The 
entire plant cut 2 cm above the ground was taken in all cases 
as the plants on many of the plots were small. 


4) Breton, Series D and F (Plots 1-11), bulk 
forage samples - 


Bulk forage samples, of the seeded alfalfa-brome 
mixture, were taken from these plots. Six predetermined 
locations, measuring 1 x 0.3 meters, were sampled in each 
plot. Both series were sampled when they were in "first- 
year-hay" of the five-year rotation; bulk forage samples 
being taken on the same day but just prior to the alfalfa 
samples mentioned in 1) and 2) above. 

5) Note on plant sampling - 
Because of the relative scarcity of alfalfa 


plants in many of the plots, it was not always possible to 
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adhere strictly to a predetermined location-of-sampling 
plan. Where alfalfa growth was extremely poor, particularly 
on plots 3 and 4, it was necessary to search throughout the 


plot in order to obtain sufficient sample for analysis. 


(b) Preliminary operations: 

All the alfalfa samples were treated in the follow- 
ing manner. On returning from the field they were stored in 
a cooler at 40°C and the next day removed and allowed to 
come to room temperature. They were then immersed in luke 
warm "deionized water" in order to remove clay and other 
particulate matter from the surface. The plants were then 
dried at 60°C in an oven and ground to pass through a 20 
mesh sieve. 

The bulk forage samples used for separation analyses 
were kept frozen; before separation they were allowed to 


thaw. 


5. Laboratory procedures 


(a) Soils 
Soit“reaction pH = 
Soil pH in water and in 0.01 M Cacl., using a soil: 
‘solution ratio of 1:2 in each case, was determined as 


described by Peech (1965), using a glass electrode pH meter. 


Exchangeable cations and cation exchange capacity 


Exchangeable cations were extracted from the soil 


using 1N NH,OAc adjusted to pH 7.0 as described by the 


4 
Association of Official Agricultural Chemists (1955). The 
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; ++ ++ + : : 
Concentrations xOf .CayygiMg . « Nain. and xi in this extract 


were determined by atomic absorbtion spectrophotometry. 
The cation exchange capacity was determined by extraction 
5 eee at ; 
of adsorbed NH, with 1N NaCl and distillation of the extract 


according to the method outlined by the Association of 


Official Agricultural Chemists (1955). 


Wit xuogen = 
Nitrogen was determined by the Kjeldahl-Wilford- 


Gunning method (Association of Official Agricultural Chem- 


bSts';+1955)% 


Total carbon - 


Total carbon was determined by the dry combustion 


méthe@ described by Allison et al. (1965). 


Titratable acidity ~ 


Titratable acidity was determined using BaCl, - 
Triethanolamine buffered at pH 8.0 as described by Peech 
(1965). 

Extractable Al and Mn - 

Extractable Al and Mn were determined using a 
variety of extracting solutions, 0.01 M, 0.02 M and 0.05 M 
Cacl, and 1M KCl. The extraction procedure was as described 
by Hoyt and Nyborg (1972). However, a one hour shaking 
period followed by centrifuging at 3,500 r.p.m. for 10 minutes 
prior to filtration was used. Al and Mn in the filtrate 


were determined using atomic absorbtion spectrophotometry. 


"Pied capacity" = 


"Field capacity" was determined using a column 
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method outlined by Miller and McMurdie (1953). 
AIV-dry merscure “content = 
Air-dry moisture content was calculated from weight 


loss after drying at 105°C for 24 hours. 


"Available NPKS" - 

"Available NPKS" in the soils used in the green- 
house experiment were determined by the Alberta Soil and 
Feed Testing Laboratory using methods routinely employed to 
recommend fertilizer application rates for farmers in Alberta. 
"Available N" is based on nitrates alone, "available P" on 
HE=8.S0 


Br oe 


NH ,OAc (pH 7.0) and "available S" on SO, soluble in 0.01 M 


Cacl.. 


soluble P, "available K" on K extracted by 1N 


(>) "PLlants: 

Nitrogen - 

Nitrogen in alfalfa samples was determined by the 
Kjeldahl-Wilford-Gunning method (Association of Official 
Agricultural Chemists, 1955). 

Sulphur, = 

Sulphur in alfalfa samples was determined by boiling 
them in a solution of equal volumes of concentrated HNO 3 and 


HC10 in microkjeldahl flasks for one hour. "Total sulphur" 


Ay 
in this solution was determined by the method described by 
Johnson and Nishita (1952). 

Cations - 


Cations, Ca, Mg, Na, K, Fe, Mn and Al, in alfalfa 


plants were determined using a dry-ash procedure outlined 
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by Isaac and Kerber (1971). Samples were brought to 500° 
over a three hour period and then maintained between 500°C 
and 550°C for a further three hours and allowed to cool 
overnight. The residue was dissolved in 5 ml of 2M HCl, 
diluted by adding 5 ml of "deionized" water, heated, 
quantitatively transferred to a 25 ml volumetric flask and 
diluted to volume. This solution was filtered through an 
acid washed filter paper. Ca, Mg, Na, K, Fe, Mn and Al were 


determined by atomic absorbtion spectrophotometry. 
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D. RESULTS AND DISCUSSION 


1. Soils 

(a) Introduction 

Apart from any induced differences in the soil on 

the Breton Plots, due to fertilizer or cropping. practice, 
the soil was variable in its natural state. This variabil- 
ity is illustrated by soil texture, a property which should, 
in the absence of soil erosion, remain constant over time. 
Unpublished data on soil texture, made available by 
Dr. J. A. Toogood and presented in Appendix D, indicate 
such variability within plots 1-11 and among series D, E and 
F. These data indicate a range of approximately 10-18% 
clay and 32-43% sand in series D, E and F plots I-ll. Note 
that on one plot alone, plot 7, series E, the clay content 
varies from 13-17% from the east to the west half. This 
would indicate that soil variability may often be as great 
over short distances as longer ones, a point emphasized by 
Cameron,et al..(1971). 

The variability in soil texture indicated by these 
data was undoubtedly accompanied by variability in other 
soil physical and chemical properties. The data presented 
in Appendix A for the deep core samples on series D indicate 
considerable variation in depth and occurrence of horizons 
within and between plots. Such variations in physical and 
chemical properties make it more difficult to discern 
differences induced by fertilizer treatments, since they 


may act either to enhance or mask possible changes. 
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For example, soils with relatively higher amounts of organic 
or inorganic colloids are probably more highly buffered than 
those with lower amounts. Similarly the relative proportion 
of various cations occupying exchange sites may be very 
important. 

The natural variability in the soil of the Breton 


plots is illustrated by the following data for <5 and Dirk 


Table 2 Cape and BPs TOE Check, PLOtonL, DO anaseLe 


Series A, B, C, D and fF 


a) Care Series 
A B Cc D F 

PIot 

Ji 54.1 So .0 58.0 Ne fit: 62.6 

se) 55.4 Doe Lee 64.3 69.9 

A i Giz 62.0 64.2 63.7 65.8 
ors 
Pilot 

af 30.1 30 ..6 25.6 29.0 Zaid 

© 30.8 Soe2 SG.% 24.1 19.3 


at Oa 2 ek 22.4 Zeit 2 eis 


*y = (Ca + Mg + Na + K + H) me/100g 


Titratable acidity 
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The design of the Breton plots is shown in Appendix 


C. Note that check plots 1, 5 and 11 occur in the same 
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position on each series. From the data presented in Table 2 
it is evident that values of C2 /i are higher and values of 
PY arel lower) anrploti1llithaniin plot:l>forvall the series. 
Values for these parameters on plot 5 are intermediate be- 
tween values for plots 1 and 11 in most cases. This indicates 
an increase in "Ca saturation" and a concomitant decrease in 
"H saturation" in the south part of the series. On series 
A, B and C plot 11 is considerably different from plots 1 
and 5 which are themselves quite similar with respect to 
these parameters. In series D and F, however, plots 5 and 
ll are quite similar but differ considerably from plot 1 with 
respect to these parameters. 

Even more striking evidence of north-south variation 
in series D is evident in the average values of exchangeable 
soil calcium, the dominant cation in these soils, for plots 
1 to 11 inclusive. The values for this parameter fall into 
three subsets (see Table 3). Plots 1-5 inclusive comprise 
the first subset having a mode of 12.9 me/100g. Plots 6-9 
inclusive form the second subset having a mode eft15.4 
me/100g. Plot 11 has a value of 17.2 me/100g with plot 10 
being intermediate between the second subset and plot ll 
withrasvalue of 15.8» me/100g.. This‘indicates that the south 
part of this series was originally high in calcium. Plot ll 
is higher in exchangeable calcium than other check plots and 
is higher than plots 6, 7 and 8 all of which received 


applied calcium. 


This general trend is not evident in series A and B 
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but is present in series C and F and reflects the higher 
cation exchange capacity in the south portion of the series. 
The resultant increased buffering capacity and the higher 
absolute value of exchangeable calcium are the most plausible 
explanation of why plot 10 (NPS) shows much less acidification 
than plot 3 (NPKS) and plot 4 (NS) though all three receive 
nitrogen and sulphur at equivalent rates. 

In addition to north-south variation, data in Table 2 
also indicate an east-west variation with respect to C3/z and 
va : In general going from series A to F (east to west) 
there is an increase in WS and a corresponding decrease in 
Ay - North-south and east-west variation is also evident 
with respect to soil pH, Mn and Al; see Figures 1, 4 and 5 
and :Tables «4,756; tivand 8s 

In summary it seems probable that in its original 
condition the soil of the area now comprising the plots 
was variable. Some evidence exists to suggest higher cation 
exchange capacity in the south of the area comprising plots 
1-11 and in the western series, particularly D and F. Plots 
in these areas tend to have higher "Base saturation" and, in 
particular,"Calcium saturation". These trends may be of 
major significance in explaining alfalfa growth response 
since they may have acted to partially mask differences 
indicated by fertilizer treatment. In particular they may 
help to explain why plot 10 is less acidic than plots 3 and 


4 though all receive nitrogen and sulphur at the same rate. 


Furthermore, these trends may also explain why yield of 
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first-year hay on check plot 11 is generally higher than on 
check plots 1 and 5 for all series and why series D and F 
have significantly higher yields (see Appendix E) than series 
A, B. -and4Cyfor the majority of plots. .Caution, however,,..is 
Pe eda in comparing yields from different series as they 
were cropped to forage in different years and other variables 
such as moisture, sunlight hours and frost may have been of 
salient importance. 

(b) Soil analyses series D (plots 1-11) Ap horizon 

The plots on this series were sampled to the C 

horizon using four predetermined locations in each plot. 
The results of chemical analyses performed are presented in 
Appendix A. Averages of the chemical analyses for the Ap 
horizon are presented in Table 7. Part of the data from 
the four locations in each plot was treated statistically 
as a simple randomized experiment having 11 treatments and 
four determinations of a given parameter within a treatment. 
The following parameters for the Ap horizon were so tested: 
pH (HO), pH (CaCl,), Capua; .Napek, oH, sCa/l,.oMg/2j'«K/2, 
H/Z. The averages of some parameters found to be signifi- 
cantly different between treatments were treated statistically 
using Duncan's Multiple Range Test. The results are presented 
in Table 3. A number of major trends are apparent in these 


cay par- 


; F H 
results, particularly with respect to pH, /2 and 
ameters which are indicative of soil acidity. It has been 
suggested previously that series D may have had an original 


trend of increasing cation exchange capacity and exchange- 


able calcium from north to south in the plots. The Duncan's 
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Multiple Range Test for exchangeable calcium on these plots 
suggests a persistence of this trend even after fertilizer 
and lime application. 

It is evident that a number of the treatments differ 
Meeet. ON from the check plots with respect to pH, ys 
and MP PISts 7S (NPKS) "4° *(NS) “and LO” (NPS) “atl” réceive 
nitrogen and sulphur at the same rate. The pH in plot 3 
(NPKS) is significantly lower and H ise sroniticant ly higher 
than@check "plots i> “and rl.."Plot’ 4" (NS) “has’’a “significantly 
lower pH (H,0) than Check prots™> and ll, a signaticantly 
lower Cass than “check plot 5 and™a significantly higher Ly 
than check PLlte oO end Le.) stor ru (Nes) tas a Slgnificantly 
lower pH (HO) than check plots. 1, > sana i), a significantly 
lower Cais than check plot 5 and a significantly higher gai 
tian Cheek plots "5 and IT. 

Considering significantly lower values of pH (H,0), 
pH (Cacl,), is and significantly higher values of 23 
to “be Indicative of soil acidification, a*given’ plot has 
a total of twelve possible significant differences from 
all three check plots. On this basis plot 3 (NPKS) has 
eleven such differences, plot 4 (NS) has five and plot 10 
(NPS) has six. Hence it may be argued that plots 3, 4 and 
10 are more acidic than check plots, with plot 3 (NPKS) 
being more acidic than either 4 (NS) or 10 (NPS). Plot 9 
receives manure in addition to NPS and is not more acidic 
than the check plots. 
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and 10 are compared with one another there is generally no 
significant difference between plots 4, 9 and 10 but plot 3 
16 in generalsmore acidic than, plots. 4, 9 and 10. 

PLOtSs 6. (L).ands 7. (LNPKS). both have significantly 


Boe, and loves 6 eh edict yes threes 


higher pH and 
check plots. It is apparent that the relatively modest and 
infrequent applications of lime (see Appendix C) are sufficient 
CO cause: these: changes... ThespH of. plotrS«\(P,»).0-45-0).is 
Significantly higher than check plots 1 and 1l, ory is 
Significantly lower than check plots 1 and 5 but Cas is 
Significantly lower than only check plot l. 

In concluding this discussion of statistically sig- 
nificant differences between some of the plots in series D, 
with respect to several parameters which are indicative of 
S0il acidity, ibis apparent, that, compared, to check plots, 
plots, 3% (NPKS:).,,. 4. (NS), and 10.(NPS) are. more acidic. ,Plots 
6 (L) and 7 (LNPKS) are less acidic than check plots and plot 
8 which receives P as Ca(H,PO,) 5, a compound having a basic 
reaction.win, the, soil, is also less. acidic than check plots. 

With respect to values of Ney os plots 3  (NPKS).and 
A (NS),..are. significantly lower than only. one, of. the. check 
plots and with respect to values of By plots 4 (NS) and 
10 (NPS) are statistically lower than all three check plots, 


and plot. 3. (NPKS) is statistically lower than one of the 
check plots. 


(c) Soil analyses series A, B, C, D and F (plots 1-11) 
Ap horizon 


In considering all the series together with respect 
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to pH, ae 7/5 P Hs , Mn and Al it is not possible to apply 
statistical analysis because the plot design (see Appendix 
C) is not random. 

Soil analyses data for these series and plots are 
presented an Tables 4,5, 6,7 and 8—and diagrams: for pH, 
Ca ae Mn and Al are presented in Figures 1, 2, 3, 4 
and 5. In general pH and Ca/5 are lower and ee Mn and 
A are hagher in plots 3°(NPKS) and 4 (NS) than! in; other plots. 
The reverse trends are evident for plots 6 (L), 7 (LNPKS) 
and 8 (P). If the data for parameters such as pH, ay: and 
‘vis are ranked from high to low value then it is evident 
that, in a given series, plots 6, 7 and 8 are less acidic 
than check plots and plots 3 and 4, and in some series plot 
10 (NPS), are more acidic than check plots. Furthermore, 
it is also evident that plots in series D and F are generally 
less acidic than their counterparts in series A, B and C. 
Data presented previously, Table 2, indicated a higher "base 
saturation” on series D°and F than on*series A, B, and C. 

There are a number of other major differences 
evident in the soil data for the five series. Plots 2° (M) 
and 9 (MNPS) are considerably higher in %C and %N with 
respect to other plots. This is obviously due to the addition 
of manure having increased the organic matter content. In 
some series the manured plots, particularly plot 2,have high 
values of ope which is also attributable to the addition 
of manure which is rich in this nutrient. 


Note that values for 0.05M CaCl. extractable Mn and 
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Table 4. Soil analyses for series A (plots 1-11) 


(H50) Extractable 
i Mn Al @ 
1 (CH) Siar 926- (022 2 Leak 
2 (M) Bi Oe Sa) Oe oe 


3 (NPKS) Sse eeen oa od 


4 (NS) Bad) 16.6 0.85 2leo6 
5 (CH) Die Oe One. 0 Galo4 
6 (L) 6.7 rein U's Oe lye kek 


7(LNPKS) 6.4 G22) 06-0] eeTe3 
BiB) Gr EOF 02. lease 
9 (MNPS) Di Cae lose okOe 2 Eee 04 
10 (NPS) Died pli Cow beze wl 


11 (CH) 5o0n. 905) 020i aa 40 


* H = Titratable acidity 


= (Ca + Mg + Na + K + H) 


me/100g 


Exchangeable cations 
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Table 5. Soil analyses for series B (plots 1-11) 


Plot pH ppm % me/100g 
OO Extractable Exchangeable cations 
N Ca Mg K | Na 
1 (CH) Shad 16.8 0:2--1536  .116 1165. 2027, 0v425 meee 
2 (M) Sal 19.0 0.2 1.80 .140 9374 )> 3:50 0.4200 Gee 


S(NPKS) 5.23 35.0 2.4. 1.53) 2127 B82 Le63) 0.50 cee 


4 (NS) 5.4 30.1 2.4 1.50 §.1261 9.84 1293 ,Oc23e 00s 
5 (CH) Deg 15.2, 0.0 1.56 (227 21.9.) 2.45550. 40m ce 
6 (L) 6.8 13.4 .0.0. 1. 52°3. 120 15.0 “2860 GO. o4e ee 


7 (ENPKS) (627 9515.8 60.0: 2242) 06 W5e7 - 240. ote 
8 (P) 6.2 TOU8> 1050. 2932 “05212. 95)) 222 a0 oe aoe 
O(MNPS) 5.9 18°52) 050. 2.12 (16792976 4191, UoG oes 
LO(NPS) 5.7 22.2 -028 “076)) /139%di 2 7S S07 2Gs ee 


LECH) 6.0 15.49 (050 Le36. 22019 (OSes 25 ee 
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Table 6. Soil analysis for series 
Plot pH ppm Pes sen: 
(H>0) Extractable 
Mn Al N 
1 (CH) 5.8 Tava2: 050-3 5 oe ales 
2 (M) 5.8 a8) 400: . 88.0) a0 
S(NPKS) 5.3 2A e4 2.46 “SOs ee 
-4(NS) 5.4 18,65 eha4s 1.52- e220 
5 (CH) 559 1073) GOW Oyo, bee 
6 (L) 6.8 So0 20.0 1 1. 5455.25 
7(LNPKS) 6.6 5.4) 030) BGs 7. ee 
8 (P) 6.2 8.6. <0. 0) si 3 os Bis 
9(MNPS) 6.0 B2.2.0 20.00). Zee” Paves 
10 (NPS) Set) 1 Se a0 eS. “Wey s Seas 
11(CH) G2) WINGO sO eas) Ie 
* H = Titratable actdity 
Ty = (Ca + Mg + Na + K + BH) 


C (plots 1-11) 
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Table’ 7. 


Soil “analysis for series D (plots 1. - If) 
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Table 


Plot 


LACH) 


2 (M) 


8. Soil analyses for series F (plots 1-11) 


(H..O) Extractable Exchangeable cations 
2: 


N Ca Mg K Na 
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Table 10. Designation and pH of the second horizon* for 
Series D (plots)-)—l1) "sttes*fy-Tre-Trrand IV 


Horizon designation pH (H,0) 

Plot Site Site 
I i a He Ul IV uf Te LE. IV 
uf AB AB AB AB 6.007 6.5 6521 6.4 
2 AB AB Ae Ae 569-59 Se SunG6'. 1 
a AB AB AB AB eB eB a eee | 
4 Ae AB Bt, AB 65:6. Ge. Bol), Ost 
2 Ae Ae Ae AB Ls SW bed 6.3 
6 AB AB AB AB Celi 6 «6 eter « Leet 
7 AB AB AB Ae Ste ath OF A 6.°8°—"6,,.8 
8 Ae AB AB AB Os On Oe. Oso (Gent 
9 Ae Bt, Ae AB Gripe Dine ne Oe | 
10 Ae Bt, Bt, AB Bios Gunen Over Grolier O > 9 
iis Bt Bt) Bt, AB G28" .6. 1 Goi, 6.4 


* The second horizon is the horizon immediately below the 
Ap horizon. 
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Bo are not grearer than” 35 “and ,3.5 -ppm''respectively in ‘any 
of the plots tested. “Values of Al and Mn extractable in 
seVeral solutions “for plots” 3 (NPKS), 4° (NS)'>"6 Gime) and 


10 (NPS) series C are given in Appendix B. 


(a) Correlation Of soil Gata for Series A, B, C, D;,, and F 
The sor! data for series A, B, C, D and ‘F were 
examined by simple correlation to indicate the general re- 
lationship between the parameters measured. The results 
of some of the correlation coefficients calculated are given 
in Table 9. Highly significant correlations were found 
between pH, oer, ie Mn and Al. The magnitude and sign 
of these coefficients are as would be predicted from theory, 
and serve to indicate the difficulty inherent in attributing 
acid soil infertility to one variable alone. There is also 
a highly significant positive correlation between soil nit- 
rogen and soil carbon, which is also as would be predicted 
by theory. 
(e) Soil analyses series D (plots 1-11), horizon 
immediately below the Ap horizon 
In the virgin condition an orthic Gray Wooded soil 
has the following horizon designations: L-H, (Ah or Ahe), 
Ae, (AB), Bt, (Ck), C. Those horizons underlined are necessar- 
ily present to meet the classification rudd cements Others 
may or may not be present. Under cultivation, however, sev- 
eral of the top horizons may be incorporated into the Ap 
horizon, so that an Ae or AB horizon where they may have 


existed at shallow depth may have been so incorporated. In 
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general the Bt horizon of these soils has a lower pH than 
the Ah or Ahe horizons and the Ae and AB horizons often 
have a higher pH than the Ah or Ahe horizons. Mixing of 
these horizons by ploughing therefore may obscure differ- 
ences. Furthermore, the Bt horizon, being enriched with 
clays, has a much higher cation exchange capacity and buffer 
capacity than the Ah or Ahe horizon and the Ae horizon a 
much lower cation exchange capacity than the Ah or Ahe 
horizon. Because of these general trends it was decided 

to separate by horizons rather than by depth. Such sep- 
aration, however, requires considerable expertise and mis- 
takes in horizon separation and designation were probably 
made. For example, it is difficult to decide exactly where 
to separate an AB from a Bt horizon, and some samples 
undoubtedly have material incorporated which really belongs 
to another horizon. 

A summary of designation and pH of horizons is given 
in Table 10. In plots 1-8 twenty-three of the second 
horizons are designated AB, eight are designated Ae and one 
is designated Bt. In plots 9-11 inclusive three are desig- 
nated AB, three are designated Ae and six are designated 
Bt. Values of pH of the second horizon, irrespective of 
designation, were treated statistically using Duncan's 
Multiple Range Test. The results are given in Table 3. The 
highest pH found was in plot 6 (lime), the lowest was in 
plot 3 (NPKS). This may be construed as indication of 
subsurface changes caused by treatment, but because of the 


difference in occurrence and depth of particular horizons 
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it is not possible to be categoric in analyses of these 
data. However, in plots 1, 3 and 6 the second horizon at 
the 4 locations was invariably designated as an AB horizon. 
The mean pH of these AB horizons are 6.4, 5.8 and 6.6 for 
plot 1 (CH) plot 3 (NPKS) and plot 6 (L) respectively, and 
this may be cited tentatively as evidence of subsurface 


changes caused by treatment. 


2. ~Plants 


(a) Separation analysis of first-year hay series D 
and’ F “(plots ‘1-11) 


Bulk samples of first-year hay from plots 1-11 
in series D and F were separated into the following cate- 
gories: alfalfa, clover, tame grasses, quack grass and 
other weeds. The results in percent based on dry-matter 
weight are given in rane il. BC is important to note that 
the forage mixture seeded since 1967 has been a mixture of 
alfalfa and brome grass. Forage grown on plots 2 (CH), 
3 (NPKS), 4 (NS) and 10 (NPS) all have less than 30% 
alfalfa on both series,and plots 6 (L), 7 (LNPKS) and 8 
(P, 0-45-0) all had greater than 70% alfalfa on both series. 
Plots 6 (L) and 7 (LNPKS) had the lowest percent clover and 
plots 2 (M) and 9 (MNPS) had the highest percent clover. 
The percentage of alfalfa in the check plots varied widely 
within and between series but was not less than 40%. Weeds, 
particularly quack grass,accounted for over 35% of forage 
eccnct ice on plots 3, 4 and 10 of both series. Tame grasses 


comprised over 24% of the forage on series D plots 3 and 4 
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but was less abundant on series D plot 10 and series F plots 
a, 4 and. 10. 

From these observations it may be concluded that 
treatments which have a basic soil reaction, namely lime 
and Ca(H.PO,)5, promoted alfalfa growth and treatments con- 
taining nitrogen, NPKS, NS or NPS,.did not..° These latter 
treatments have been shown to have caused acidification and 
their net effect seems to have been the inhibition of 
alfalfa growth and perhaps promotion of competition due to 
grass,weeds and clover. Volunteer clover is the dominant 
plant on the two plots receiving manure and relatively 
abundant on plots 3, 4 and 10. 

Apart from soil acidification caused by the NPKS, 
NS, and NPS treatments resulting in possible inhibition of 
nitrogen fixation by alfalfa, a more sensitive crop than 
clover, other competition effects are undoubtedly present. 
Plots 1 (CH) and 2 (M) on series D and F do not differ 
widely in soil pH, Al, Mn or Cee However, plot 2 (M) 
has a large clover content and low alfalfa content compared 
to_plot.1 (CH). .This may be- partially due_to clover seeds 
being present in the manure but it may also be due to direct 
promotion of volunteer clover growth. 

(b) Observations of alfalfa root nodulation in series 
D and F plots 3, 5 and-/ 
The root systems of alfalfa plants grown on plots 
3 (NPKS), 5 (CH) and 7 (LNPKS) of series D and F were exam- 


ined for nodules. Nodulation was described using the 
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following categories and designations. Extensive +++, 
good ++, poor +, no nodulation 0. The results are presented 
Inigvaple.- 12, 


Table 12 Miretftarroot. nodulation serves Dvand F 
plots 3, *5 anda 


PLOCUS PYroe’5 Plot 7 
Series D 0 + +44 
Series F + tb ones 


The nodules of roots are easily broken in separation of soil 
and root but the data do suggest that there is a close 
relationship between nodulation, plant nitrogen and soil 
acidity. 

The height of the plants from both the limed and 
unlimed halves of series A is shown in Table 13. No 
apparent increase in vigour exists between alfalfa plants 
grown on the limed and unlimed halves of plots 2 (M), 5 (CH), 
6 (Lime), 7 (Lime NPKS), 8 (P) and 9 (MNPS).. On plots 
Y (CH); 3. (NPRKS), 4 °(NS)> 10 (WieSieand, 11 (CH)? plentsxtrom 
the limed half are more vigorous than those on the unlimed 
half. The major response to liming is evident on plots 
3 (NPKS) and 4 (NS). 

(c) Chemical composition of alfalfa samples series A 
(limed), series A (unlimed), series D and F 
(1). Znteoduction 
Alfalfa samples taken from series A (limed 
half) and series A (unlimed half) differ from samples taken 


from series D and F in two important aspects. Samples from 
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Table 13 Average height of alfalfa plants grown on series 
A (limed) and series A (unlimed) 


Limed Half Unlimed Half 
Plot and Treatment ———————- Height cms 
ie CH 38 28 
2M 33 aS 
3 NPKS 43 | 20 
4 NS 28 18 
5°CH 33 33 
6 L 30 30 
7 LNPKS 36 36 
6 PB, .(0=45-0) 28 28 
9 MNPS 23 23 
10 NPS 25 Zo 
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Table 16 


(a) 


Ca 


Mg 


Ca 


Mg 


Hs, 


Correlation coefficients for plant analysis data 


series A (unlimed) and series D and F 


Series A (unlimed) 


Mn Fe Al 
-- 0.80** 0.85** 
-- 0.92** 


Series D and F 


Fe Al 
0.29 0.68%** 
-- 0.36 
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series A were taken from this series when it was in the 
“barley-nursing-hay" part of the rotational cycle, and the 
entire plant cut 2 cm above the ground surface was sampled. 
Alfalfa samples from series D and F were taken when these 
series were in the "first-year-hay" part of the rotational 
cycle, and the top 15 cm of plants were taken just prior 
to bloom. Differences in physiological stage of growth 
and the portion of the plant used in analysis may be the 
main reasons why the plants in series A differ so markedly 
in chemical composition from those in series D and F. 
However, series A is generally a more acidic series than 
either D or F and this may be partially responsible. 

Simple correlation coefficients for some of the 
plant analyses data are presented in Table i6. There is 
highly significant correlation between Mn, Fe and Al in 
the plants grown on the unlimed portion of series A, and 
nitrogen in these plants is highly negatively correlated 
with Mn and Al. There is a highly significant correlation 
between plant Mn and plant Al in plants grown on series D 
and F. Nitrogen in these plants is significantly negatively 
correlated with Fe and Al but is more highly correlated 
with K in the plants. The sign of the correlation coefficient 
calculated between plant K and several other plant elements, 


Mn, N and Al is different in plants from series A than in 
those from series D and F. 


(2) Aluminum and manganese content 


The Al and Mn content of plants is given in 
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Tables 14 and 15 and Figures 6 and 7. Jones (1967) suggests 
that alfalfa samples with greater than 250 ppm Mn and 400 
ppm Al have excess quantities of these while those with over 
100 ppm Mn and 200 ppm Al are considered high. None of the 
plants from series D or F (see Table 14) approach the values 
suggested as high. However, plants from series A (unlimed) 
plots 3 (NPKS), 4 (NS) and 10 (NPS) have Mn concentrations 
of 100 ppm or more and plants from plot 4 (NS) have an Al 
concentration of 240 ppm (Table 15). However, a different 
portion of the plant was taken in samples on which Jones 
(1967) based his suggested values. 

In most cases plants grown on the unlimed half of 
plots in series A have higher Mn and Al concentration than 
their unlimed counterparts. The major differences in plant 
Mn and Al between the limed and unlimed halves of plots in 
series A 6é6uk in plots 3 (NPKS), 4 (NS) and 10 (NPS), 
which are among the most acidic. However, plant Mn and Al 
concentration in the limed half of these three plots is 
higher than in plants grown on the unlimed half of most of 
the other plots, but these values are all below 200 ppm Al 
and 100 ppm of Mn mentioned previously as being high levels 
(Jones 1967). Mn and Al content of plants grown on series 
D and F are lower than in series A suggesting a relative 
decrease in concentration of these between first and second 


year of growth. However, difference in the portion of the 


plant sampled and differences in the soil of the series, 


series A being in general more acidic than either D or F, 
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may also be important. In series D and F as on A, plants 
from plots 3 (NPKS), 4 (NS) and 10 (NPS) generally have 
higher Mn and Al concentrations than plants from other plots, 
and plants from plots 6 (Lime), 7 (Lime NPKS) and 8 (P, 
0-45-0) have lower concentrations than plants from other 


plots. 


(3) Nitrogen content 

The nitrogen content of plants is given in 
Tables 14 and 15 and is illustrated in Figure 8. Jones 
(1967) gives bench-mark values used to interpret the chem- 
ical composition of alfalfa sampled in the same manner as 
plants in series D and F. Using his suggested critical 
values all plants with less than 4.0% N are regarded as 
deficient. Using this value all plants in series D andF, 
with the exception of those from plots 7 (Lime NPKS) and 
9 (MNPS) are regarded as deficient. Furthermore, plants 
from several plots have less than 3.0% N, a value suggested 
by Bear and Wallace (1950) as being critical, these are 
series D plots 1 (CH), 3 (NPKS) and 4 (NS) and series F 
plots 3 (NPKS), 4 (NS), 5 (CH), 6 (Lime) and 10 (NPS). On 
series A (unlimed), D and F plants from plots 3 (NPKS), 
4 (NS) and 10 (NPS) generally have low nitrogen contents, 
and plants from plots 7 (LNPKS) and 9 (MNPS) high nitrogen 
contents compared to plants from other plots in the same 
series. Plants grown on plots which receive N have, there- 
fore, among the highest, plots 7 and 9, and among the 


lowest, plots 3, 4 and 10, nitrogen contents. From this 


atgelg £. ne ae: a ogee $ ‘deeiengi at 
eres ae (3th et hae 


me 


: - ie. i} aac Aa 
2) 8 Bes (seed) +S < Coenen a Piinietay 
; : - — y Uh, oe ae iv) 


| Snstiaeo- caps ia (8): ie 

ni cavip at adnnliy, 25 sredauin nopoxtia ori ? cin Ft 
fenou .8 sigphi-et petausauhits ed Bits et Pa a 
~meds of. dSorgiactet od heew aonb, seta enki 
‘26 “4eeieet ones oo AL ballgame siiniie, 20 sotstnoqnoe ds 
ieottiag bodeegyus ed eoseu, * ‘aie ne 7 

S45. shisha get ete ® 24) , 

.® Bas a eeirae sti eeania, ids suisy sade. om 
fag. (2uoH -omka)>'T esoien scm. seo Ao nekiigaoxe: oa i 
edge  wtomiedsnet . Sptabekden ‘bs bebasipee ss. @ 
boranudae - oD! si 208 At weet svad gtolg” Leteves 
eis aeods bspd bos pacett an AoBeR) soslian ‘Bia ee Ge 

4 e6itse hae tanh: is ann deccoad t ty £ esota a eutiot ne: 7 
anys Bets. ditt y ROD 2 (Cam (ene), £ esol ¥ 
(Mawel) Eagoig awit? wah % baad, (Hoaihtna) , A soltee ¥ 


rr 
at 
Al) ; 
— 
ae 


i. sptttoaaco BORO ADE ‘sid pedi. Wistonse’ tas of mid bepetaitic 
itiepontte.2 watd (2g) € ne (Nem) S etolg, mow, wiiinig. bam | ye o 
ee ata gt Sapa negso moe saeelg of betsqenp einedaon acre 
= : ~esithy, errs wn Wisse: danbite etely fo mada asne'ty * sizes. F eas 
ne on ee, pe : si vteatipic oti pao eth las 


; ae na x: Daisies: Se 
‘ ai a Pye 4 jie i at 
Cin a rs 


1D 


observation it is clear that nitrogen application alone 
did not result in increased nitrogen content in plants, 
either because the application rate was insufficient or 
because nitrogen application has contributed to soil acidif- 
ication resulting in reduced nitrogen utilization and 
inhibition of nitrogen fixation. In plot 7 (LNPKS) the 
lime addition is sufficient to keep the pH of the soil high 
enough to enable nitrogen fixation to take place and other 
nutrients added may promote plant growth enabling more 
efficient use of applied N. In plot 9 the manure may 
buffer the soil and enable nitrogen fixation, or the manure 
added may contain sufficient nitrogen and other nutrients 
to promote crop growth. Note that plants grown on plot 
2 (M) series D and F are much lower in nitrogen than those 
grown on plot 9 (MNPS) on these series. This may be due 
to the additional nutrients added with the manure in plot 9 
promoting plant growth resulting in greater uptake of 
nitrogen by the plant. 

There are major differences evident in the nitrogen 
content of plants grown on the limed half of series A 
compared to their unlimed counterparts. imindethe east 
half of series A did not increase the nitrogen content of 
plants above 3.3% and the lowest value recorded was 3.0% 
in plot 9 (MNPS). The nitrogen content of plants in the 
unlimed half of series A ranged from 2.2 to 3.3% and the 


major increase due to liming one half of each of the plots 


in this series occurred on plots 3 (NPKS), 4 (NS) and 10 


(NPS), where the nitrogen content of plants was raised to 
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3.2% from values of 2.8, 2.2 and 2.3% respectively. The 
most plausible explanation of this is the promotion of 
nitrogen fixation and the reduction of possible toxicants, 


particularly Al and Mn, due to addition of lime. 


(4) Potassium content 

The potassium content of plants is given in 
Tables 14 and 15. Jones (1967) regards alfalfa plants with 
less than 1.75% K as deficient but Bear and Wallace (1950) 
give a value of 2.0% K. Plants from series D plots 
3 (NPKS) and 4 (NS) and from series F plots 3 (NPKS), 4 (NS), 
5. (CH), 6 (Lime) and 10 (NPS) all have values less than 2.0% 
and those from plot 4 (NPKS) series D and F have less than 
1.75%. With the exception discussed above none of the other 
values for plant analysis is either low or in excess of 


values suggested by Jones (1967). 


(5) Sulphur content 

Sulphur content of alfalfa plants from series 
D and F was determined to find out if sulphur deficiency 
was a principal cause of poor alfalfa growth as it is well 
established that the soil of the Breton plots is sulphur 
deficient (Toogood et al. 1962). The sulphur content of 
the plants (Table 14) ranged from 0.15% to 0.36% and is 
generally highest in plants grown on plots receiving sulphur 
application. Note that sulphur is high in plants grown on 


plots 3 (NPKS), 4 (NS) and 10 (NPS), where alfalfa growth 


is extremely poor, and it is also high on plot 7 (NPKS) 
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where alfalfa growth is vigorous. Rendig (1956) states that 
sulphur content of alfalfa generally falls in the range 
of 0.2 to 0.4%. The lowest sulphur content found in series 
D or F was in plot 8 (P, 0-45-0) where alfalfa growth was 
good. From these observations sulphur deficiency does not 
seem to be the primary cause of poor alfalfa growth on the 
Breton plots. However, part of the increase in alfalfa 
vigour on plot 7 (NPKS) compared to plot 6 (L) may be due 
to a response to added sulphur. 
(d) Correlation of soil and plant data for series D 

and F and for series A (unlimed) 

Plant Mn and Al are significantly correlated with 
SOLLAMA,A AL, pH; Cay’; and Lys , in series D and F; see 
Table 17. With respect to series A (unlimed) these plant 
and soil parameters are also significantly correlated 
(Table 18) with the exception of plant and soil Al. Nitrogen 
in the plant is significantly correlated with soil Ces in 
series D and F and is significantly correlated with soil Mn, 
PH, Poy sa Sy in series A (unlimed). The correlation between 
percent alfalfa and soil Mn, Al, pH, ts and Cy; is highly 
significant in series D and F and with the exception of soil 
Al the absolute value of the correlation coefficient is 
greater than 0.7. 

Yield of the mixed forage crop is significantly 
correlated with soil Mn, pH, as and ao and with plant 


Mn at p= 0.01. Note that yield and % alfalfa are not 


significantly correlated. 
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Table 17 Correlation of soil data, plant data, alfalfa as 
a percent of the first-year hay production, and 
yield of first-year hay on series D and F. 


(a) Plant analysis data: 


he Mn Al N 

nn x 

A Mn 0.78%** 0.72** 2035 

Ww 

4 Al 0.80% 0.79%** 20.30 

ea) 

3 PH -0.68** -0.68** +0.30 

e Cals 9. 62** -0.52** 0.53* 
ay 

SAE (BiB aeT2** 0.60%** 30.32 


(b) Soil analysis data: 
Mn Al pH /% 
% Alfalfa -0.80** -0.55** 0.86** -0.74** 0.76** 


Yield “),94*°* 2=0.54- 0.50%* —-0.59**"0.61** 


(c) Plant analysis data 
Mn Al K Ca N 
* Alfalfa =—0.62** =0..0107.- 025.2% 0.028 Ons2 
% Yield =—0.63%* a UR Se Oso. =0.21 0.53% 


co} 


(a) Correlation between yield and % alfalfa = Oma? 


** significant at p = 0.01 


* significant at p = 0.05 
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Table 18 


Series A 


Soil Analysis Data 


TE 
Te 


Correlation between soil data and plant 

(unlimed) | 
Plant Analysis Data 

Mn Fe Al K 

Oo 772% On60* Ovi 0. 68* 
0.68* 0.54 0.50 0.43 
=Oeo0* = =) pole =— 100 Ono 
—0. 8a-* BS MS Sahn =O. 4™ % =O, 00% * 
O2o0** Pe ets 0, 837 ~ 0.73% 
** significant at p = 0.01 
~ Significant at p = 0.05 
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3. Greenhouse experiment 


Bulk soil samples of the Ap horizon of series D plots 


3 (NPKS), 5 (CH) and 7 (LNPKS) and series C plot 3 (NPKS) 
were taken from the Breton plots for use in a greenhouse 
experiment. Following air drying, sieving and mixing a 
sample of these soils was sent to the Alberta Soil and Feed 
Testing Laboratory (ASFTL) for routine analysis. The re- 
sults of these analyses are given in Table 19. The follow- 
ing treatments were applied to soils from series C and D 
plot 3 (NPKS): 

URS Ce 

2. NPKS (50 ppm N as NH,NO 


aot ou 
20 ppm.S.as Na,SO, 


40 ppm P and 50 ppm K 

as KH,PO,, 
Seu Pho team 02). dk Lime, (to Die Uno. 
A INP KS Mae 1 2) + Lime, (EO pH 6.6) 


5.  NPKS (as in 2) + Cacl, (Cacl, applied at a rate to 


give a Ca addition equivalent to that added in Lime 


6. NPKS (as in 2) + Gamma radiation (12,000 rads from 


ee source) 


Cc 
7. -NPKS (as in 2) + 0.05 ppm Mo as Na.MoO, 
8.  NPKS (as in 2) + nutrient solution (composition 
given in Appendix F) 
Five hundred ml of this solution were added before seeding 
and a further 500 ml were added, in 50 ml increments, over 
the 6 week growing period. 


The following treatment on series D plots 5 (CH) 


and 7 (LNPKS) was included: NPKS (as in 2. above). 
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Table 19 Analyses of soils used in greenhouse experiment 


Available nutrients 


Series and Field lbs/ac 
Treat- 
plot ment pH N P K iS) 
C3 NPKS 5.2 62 2)... 295 5.6 
D3 NPKS 5.6 4 12 230 Fae 
D5 CH 6.2 2 10 235 Ske 
D7 Lime + 6.6 2 30 245 2.9 
NPKS 


A simple randomized design was used in the green- 
house experiment with each treatment occurring three times. 
Inoculated alfalfa seeds were germinated in petri dishes and 
the seedlings transplanted into the greenhouse pots. The 
growth period was six weeks, and following the harvest of 
plants all roots were checked for nodulation. Nodules were 
found only in one treatment D7 + NPKS but these nodules were 
small and not abundant. The addition of 50 ppm of N as 
NH,NO. obviously inhibited nodulation. 

Yield of alfalfa in the greenhouse experiment is 
given in Table 20. All treatments with the exception of 


CaCl. increased yield of alfalfa on soils from plot 3 series 


C and D significantly above that of the nil treatment. 
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Table 20 Mean alfalfa yield, dry-matter content, in the 
greenhouse experiment. 


polices. GC DLO "S Sepiles VD pot S 


pH of soil ~LeLay) «pi OL SOL Yield 
after the gm/pot} after the gm/pot 
experiment experiment 


dae 
NPKS + raveWGl., 
NPKS + nut. 


NPKS + Lime 


1 
NPKS + Lime., 
NPKS + Mo 
NPKS 
Nil 


NEKS) +) Cacl 


2 


* means in each column followed by the same letter are 
not significantly different by Duncan's Multiple 
Range Test at p = 0.05 


The highest yields recorded, for both these soils, were on 
the NPKS + gamma radiation, NPKS + nutrient solution and 
NPKS + Lime, where the yields were invariabily significantly 
higher than the NPKS treatments. On both soils, however, 
the NPKS treatment produced significantly higher yields than 
the nil treatment, indicating that where the plants are 
supplied with an adequate source of NPKS they grow well 

and suggesting that toxicity of Al or Mn to the plant is not 


the primary cause of poor alfalfa growth on these soils. 
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However, liming the soils to approximately pH 6 and adding 
NPKS significantly increased the yield above the NPKS 
treatment. This response to liming may be partially due to 
a decrease in soil Al and Mn; also the decrease in pH and 
yield due to the cacl. treatment is probably due to an 
increase in Al and Mn toxicity. Alexander (1967) indicates 
that mineralization is more rapid at neutral or near neutral 
pH, Gerretsen and DeHoop (1957) indicate that gaseous 
losses of nitrogen are less and Paden and Garman (1946) show 
that applied nitrogen is more efficiently used as soils 
approach neutrality. These observations suggest that liming 
the soil should increase nitrogen availability in the soil 
but the higher rate of liming, to pH 6.5 resulted in lower 
yields of alfalfa on both soils, than the lower liming rate. 
The mean yield of alfalfa grown on series D plot 5 (CH) and 
series D plot 7 (LNPKS) were 2.0 and 2.9 gm/pot respectively. 
The pH in these soils after the experiment were 6.0 and 6.5 
respectively. This indicates that the soil limed to pH 6.5 
in the field had a much greater alfalfa yield in the green- 
house than the two soils limed to pH 6.5 in the greenhouse, 
though in all three cases equal rates of NPKS were added. 

On soils from plot 3 series D and F gamma radiation and 
nutrient solution addition, in combination with NPKS, gave 


the highest yields recorded. Bowen and Cawse (1964) indicate 


that 5 megarads of gamma radiation increased the concentration 


SGck; Mg, Py, Gr Ny Sr ‘Cu andemn in soil solution. Major 


increases occurred in the concentrations oLfeP, -C,; N(NH, ) 
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ane Mn. They attribute the bulk of the increase in C, N, 
and most inorganic elements in solution to be from lysed 
microbial cells, but suggest that the increase in Mn may be 
due to the reduction of insoluble manganese oxides resulting 
in more soluble manganic species. Eno and Popenoe (1963) 
demonstrated that N and P were released by gamma radiation 
and resulted in increased plant uptake of these nutrients, 
but found no increase in Ca, Mg and K availability. 

The ability of gamma radiation to increase the 
availability of many micro and macro nutrients may explain 
the increase in alfalfa growth on the soils treated in this 
manner. Similarly the treatments which received large doses 
of the complete nutrient solution obviously resulted in an 
increase in available nutrients resulting in increased crop 
growth. On one soil, series D plot 3, the NPKS + Mo treat- 
ment significantly increased plant yield compared to NPKS 
alone: however, on the other soil this treatment resulted 
in a decrease in yield compared to NPKS alone. 

In conclusion it is evident that soils from plot 3 
of two series, C and D, when supplied with NPKS in the 
greenhouse produced significantly greater yields of alfalfa 
than the nil treatment. Even greater alfalfa yields, how- 
ever, were produced in response to other treatments, espec- 
ially NPKS + gamma radiation, NPKS + nutrient solution and 
NPKS + Lime,- These observations suggest nutrient avail- 
ability rather than Al and Mn toxicity is primarily re- 


sponsible for the poor alfalfa growth on the nil treatment. 
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However, the NPKS + Lime, treatment yielded more than the 


ti 
NPKS treatment and this response to lime may be due to 


FEGUCEIONSOE AULornMn in!) thessori: 


E. GENERAL CONCLUSIONS 


It is evident from the soil analysis data that 
Significant changes in the chemistry of the oA of the 
Breton plots have been caused by fertilizer treatments and 
soil amendments. These changes are evident primarily in 
the Ap horizons of plots which have received fertilizers 
COnLaIning- nitrogen and sulphur; volot 3 (NPKS), plot 4 (NS) 
and plot 10 (NPS), and in those plots which have received 
treatments having a basic soil reaction; plots 6 (Lime), 

7 (Lime NPKS) and 8 (P, 0-45-0). In the former group the 
soils are generally more acidic than the check plots with 
respect to a number of soil parameters indicative of soil 


Rap st Marana wes Lit DLOULS G,* 7 


acidity, namely pH, HOS 
and 8 the soils are generally less acidic than check plots 
with respect to these parameters. The percent of the mixed 
stand which is*comprised of alfalfa, on the series D and F 
where this was determined, is closely correlated with soil 
pH, Tene Host Mrvand ALI’ Pilots having a pPA*CL“ 6. 64.0r 
greater had a stand consisting of at least 70% alfalfa. 
Those having a pH of less than 6.0 had a forage stand con- 
sisting of less than 30% alfalfa, and the major plant 


species growing on them was quack grass and other weeds. 


The sensitivity of alfalfa Medicago sativa and the even 


is. 


(G4) & tole, (axa) £ doig ah bag; apposen ® 


‘as 


. ‘ y eee 


qi het even" sepia ont 


ek a8 


am rea Kun ‘ah hae, 


send sab sjevlaan. fier eis fren Seppave ee a. 


otis te Lfos ork to vise aig ents it ened Bi Sar 
bis asvetisexy yexi lis asz yw. hapien bart, 


xi qe arent Sy Stabs ite Sas “eapante oneit,, 


gem PLods oi bev taoex aved Hegel a Gbi oa = mast 


hevitesox. avd dosdy adobe ataity fi bite » (ea) ot 


® >§.3) LP 


(omit) 3 atolg: inpavodes Ltoa at ‘pnavai eS tee 


i 


ond quote sainsOk: ads i ae “229 Pa §) 8 as onte's a i 
Siee Biolg: Bere Bile ‘gets sides peace at 
itez to ewitsoebit ates ones8, btee 30 eae . ee 2 - 
= a ‘edoig aa _ ate ae mM Ayre Pi a ey vets cee 
stbiq beatin’ ian asec dad, ‘eb donading ors aikea ns é oo | 
hex her ens ia: tago71eq ai Lets Tq | esents eo seegeer Be : 
a prs: a asdtee oly ifs taett 0 aaitgoed, es aolhctw peri. 
ink dtew 43 dl éxxe0 tenet: at Bott imrecaly eeu aids ee 


a _ cm— ey 
ne a # 30 ae ‘s ohitvsd S014’. te ieee?) Bins vane eee ea ue 


Aer 


aD 


“Biloxi oa sane 75 Xo vitsetenes iisehes. & Bed bm i 
Sete baste cert 6 Bed-0. a ries ‘eaol tp veh ea on eaont o 


greater sensitivity of its symbiotic bacteria, Rhizobia 
meliloti, are discussed by many authors (Munns 1965a; 
Robson 1969; Nutman 1965; Ouellette and Dessureaux 1958; 
Foy 1964). Munns (1965a) suggests that in moderately acid 
Seils (pH 5.582.600) “growth Mand tatiionwof taltabfia dis sdue to 
restriction of the Rhizobia and hence nodulation, but that 
in strongly acid soils nodulation restriction and aluminum 
toxicity were both involved in restricting the host plant. 
A number of observations suggest that limitation of nitrogen 
fixation is the primary cause of poor alfalfa growth on the 
more acidic plots 3(NPKS) 4 (NS) and 10 (NPS). These are 


as follows: 


(a) observations of nodulation of the root systems 
indicate plot 3 (NPKS) series D and F had very 
few nodules compared to either plot 5 (CH) or 
plot 7 (Lime NPKS), 

(b) the increase in nitrogen content in plants grown 
on plots 3. (NPKS), 4 (NS) and 10 (NPS) series A 
due to liming the east half of this series, 

(c) when soils from series D Wie C plot” 3” (NPKS) 
were supplied with 50 ppm N in a greenhouse 
experiment alfalfa plants grew vigorously compared 
to the untreated soil. 

There are, however, a number of important deviations which 
do not support this hypothesis and suggest that in some 


instances other factors may be important. These are as 


follows: 
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- the NPKS + Lime, treatment in the. greenhouse 


hi 


experiment produced a much greater yield of alf- 
alfa than the NPKS treatment alone even though 
no nodules were evident in the plant roots in 
either case. This response may be due to a 
decrease in the activity of Mn and Al in soil 
solution. Although Mn and Al in the soil and 
plants were not generally high they are closely 
correlated with one another and liming the east 
half of series A resulted in reduction of plant 
Mn and Al especially in plots 3 (NPKS), 4 (NS) 
and 10 (NPS), 

the nitrogen content of plants grown in plots 

3 (NPKS), 4 (NS) and 10 (NPS) series D and F 
are not much less than those of the check plots 
yet alfalfa growth was much more abundant in 
the check plots. This may be due to promotion 
of other species by adding fertilizer, a point 
emphasized by Bear and Wallace (1950), and 

also may be due to the generally higher Al and 
Mn content of the plants from plots 3 (NPKS), 

4 (NS) and 10 (NPS) compared to the check plots, 
on at least one plot, plot 6 (L) series F, low 
nitrogen content of the plant cannot be attrib- 
uted“to inhibition of nodulation due to soil 
acidity or to Al and Mn toxicity to the plant. 


This plot has the highest pH, 7.1,recorded in 
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any plot of any of the series, and the alfalfa 
grown on it has the lowest nitrogen content 
recorded in series D and F. Although alfalfa 
comprised a very high proportion of forage 
production, 84%, the yield was much less than 
in plot 7 (Lime NPKS). Plant K and §S 

were low in the alfalfa plants grown on series 
F plot 6 (Lime) and this may partially explain 
the poor vigour of the alfalfa grown on this 
pions -Plants~k andypilent N have a correlation 
coefficient of 0.69 on series D and F and 
liming has been reported to reduce K uptake in 
other plants (Jackson et al. 1967; Thomas and 
Hipp.1968),, 8 Toogeed\et«al.. (1962) indicate 
that the Breton soil is sulphur deficient. 

In summary it seems evident that the poor growth of 
alfalfa on plots receiving moderate applications of nitrogen 
and sulphur fertilizers at Breton is largely attributable 
to inhibition of nitrogen fixation due to induced acidity 
caused by these compounds. Other factors such as Al and Mn 
toxicity and competitional effects between species in the 
mixed forage stand may be important. Manure treatments pro- 
mote the growth of clovers and nitrogen and sulphur applied 
without lime or manure may directly promote weed growth by 


increasing soil acidity. 

The project has demonstrated that the application of 
small amounts of commonly available and recommended fertil- 
izers over a long period increased acidity in a Gray Wooded 


soil, while infrequent applications cf small amounts 
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of lime prevented this development. The increase in acidity 


caused by fertilizer application resulted in a decrease in 


alfalfa growth in a mixed forage stand. These observations 


are important for a number of reasons including the follow- 


ing: 


Ls 


Gray Wooded soils comprise at present approximately 
15% of the cultivated acreage of the province of Alberta 
but it is estimated that in future years they will 
constitute approximately 40% of the total cultivated 
aeneage e(BentVvey“etralsVioF Lys 

Farmers on Gray Wooded soils are recommended to pro- 
duce forage crops in rotation with others (Bentley et 
eu L97)) and alfaita becalse Ofwits ability to fix 
nitrogen, high yield and protein content, is among the 
most attractive forage crops. 

The use of fertilizers on Gray Wooded soils will 
undoubtedly increase and if not accompanied by lime 


application this will have dire consequences. 
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APPENDIX C 


Basic fertilizer application and treatments on 
plots 1-ll at Breton 1965 - present (1973) 


Plot’ : | Fertilizer Nutrients lb/ac 
N P40, K,0 S 
1 (CH) Nil 0 0 0 0 
2) (MM) Manure* 200 100 200 20 
3) inPKS) ... 16-2020. + sig. te 18 8.4 
0-060 
4 (NS) pa ae 9.6 0 0 8.4 
33"5"0~0 
5 (CH) Nil 0 0 0 0 
6 (Lime) Lime © 0 0 0 0 
7 Lime Lime 6 9.6 12 18 8.4 
NPKS Wa—20-0 
o20s6o © 
8 (P) Qed BieiOnak 0 a2 0 0 
9 (MNPS) Manure* 200 100 200 20 
16=20-0 96 12 0 8.4 
10 (NPS) 1 6x2 0 Gil 6 a6 iy 0 8.4 
11 (CH) Nil 0 0 0 0 


i S 


* applied every 5 years 
7 applied every year 


® applied as needed 
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APPENDIX C 


Lime applied at Breton on plots 6 and 7. 1930 - 


1972 


Year 


L750 
Looe 
L932 
1933 
155 
1938 


1948 


Rate lb/ac 


2,000 
1,200 
1,100 
1,100 
1,600 
2,750 


1,000 


Series 


ty 


(In 1972 the east half of all plots in series 
A to F were limed at a rate calculated to 
bring the pH £ox6.5.) 
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APPENDIX D 


Percent clay (c) and sand (s), Breton Series 
Don mane. © PLorg (th) * 


Series 
BLOt ) OE Saat Bi west Eb east D west D east 
a c 10 13 18 | 13 14 
ee, 38 38 35 39 36 
2 Cc 13 12 15 16 16 
s 39 40 ee 38 38 
3 c ll 14 i 18 13 
s 38 43 40 36 35 
4 Cc 12 14 id 14 slog 8 
s 39 4l Al 39 43 
5 Cc 13 iy ly ce 10 
Ss 34 36 40 40 Al 
6 Cc 13 15 16 14 12 
; Ss 37 37 40 44 43 
‘i c 17 13 ay 23 13 
s 36 37 38 40 41 
8 Cc 15 16 73 13 13 
s 35 37 40 41 41 
9 Cc 16 14 14 14 aD 
Ss Sy 37 40 35 34 
10 Cc 15 16 15 15 16 
s 36 35 35 36 a0 
Pie S Mroce 17 16 14 13 ey: 
s 33 36 36 37 33 


* Unpublished data made available by Dr. J. A. Toogood 


aatise het odk cm wage 


a NE CS ee ee os 


ra at ob , eb 
EL ee oes et 
Ce : GE Le = 
= 7 2 _ 

Oo of Sif ap 
rb ob " 35: 
el ~ hI ~ at i 
ub be O& rs 


gL ed BE “ae 


ee a. vf 0, age 
RE CEy ” o-ey OF vs 
as aL at Va 
SE 36 = t FOE Be 


“a s 
= 
— = 
. i 
‘ —— 
7 
: : : 
- i= = 
re - 


APPENDIX E 


"LRGIORGE our ceeveatebay, 1963 = 1972, Breton plots 
(li eerles AB, CC, D and F* 


Series and Year 


ibonel 1m) D (& B A 
and 1972 yal 1970 1969 1968 
Treatment lb/ac 
i utes) | 3186 1,910 966 900 730 
2 (M) 3,300 3 790 3,089 1,820 1,720 
3, (NPKS) 22310 1,860 1/032 1,200 1,530 
4 tNisy > 2.4240 1360 947 700 1,180 
BCH). ~ 37.830 Da 50 987 770 1,010 
6 (Lime) 2,980 2,630 2,081 1,640 1, 970 
7 “(ime 6S 7570 3,440 3,150 2,350 1,690 
NPKS) 
8 (P) 3,330 By 30 ola 850 1 3G 
9 (MNPS) 3,910 2,690 DSN 1,710 1,450 
Ho veNBe): 2-240 2,350 159 1,050 1,250 
TieCCiHon | 3,960 2,980 1,187 1,030 1,300 


* Unpublished data made available by Dr. J. A. Toogood 
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APPENDIX F 


Composition of nutrient solution used in the 
greenhouse experiment 


- Compound Concentration 


gms/litre 


CaSO ,.2H,0 05 
Nacl One 

Mg SO,.7H,0 0.5 

Fe EDTA 67034 
HBO, 0.0005 
MnSO,.H,O 0, 00L5 
Zn SO, 7H0 0.0009 
Na, Mo 0,-2H,0 0.003 
Gul SO,-5H,0 0.00001 
Cor Ol - 6H-O 0.00002 
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